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Dedication 


To the memory of our dear friends and mentors 


CLAUDE BERGE PAUL ERDOS BILL TUTTE 


Preface 


For more than one hundred years, the development of graph theory was inspired 
and guided mainly by the Four-Colour Conjecture. The resolution of the conjecture 
by K. Appel and W. Haken in 1976, the year in which our first book Graph Theory 
with Applications appeared, marked a turning point in its history. Since then, the 
subject has experienced explosive growth, due in large measure to its role as an 
essential structure underpinning modern applied mathematics. Computer science 
and combinatorial optimization, in particular, draw upon and contribute to the 
development of the theory of graphs. Moreover, in a world where communication 
is of prime importance, the versatility of graphs makes them indispensable tools 
in the design and analysis of communication networks. 


Building on the foundations laid by Claude Berge, Paul Erdos, Bill Tutte, and 
others, a new generation of graph-theorists has enriched and transformed the sub- 
ject by developing powerful new techniques, many borrowed from other areas of 
mathematics. These have led, in particular, to the resolution of several longstand- 
ing conjectures, including Berge’s Strong Perfect Graph Conjecture and Kneser’s 
Conjecture, both on colourings, and Gallai’s Conjecture on cycle coverings. 

One of the dramatic developments over the past thirty years has been the 
creation of the theory of graph minors by G. N. Robertson and P. D. Seymour. In 
a long series of deep papers, they have revolutionized graph theory by introducing 
an original and incisive way of viewing graphical structure. Developed to attack 
a celebrated conjecture of K. Wagner, their theory gives increased prominence to 
embeddings of graphs in surfaces. It has led also to polynomial-time algorithms 
for solving a variety of hitherto intractable problems, such as that of finding a 
collection of pairwise-disjoint paths between prescribed pairs of vertices. 


A technique which has met with spectacular success is the probabilistic method. 
Introduced in the 1940s by Erdés, in association with fellow Hungarians A. Rényi 
and P. Turan, this powerful yet versatile tool is being employed with ever-increasing 
frequency and sophistication to establish the existence or nonexistence of graphs, 
and other combinatorial structures, with specified properties. 
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As remarked above, the growth of graph theory has been due in large measure 
to its essential role in the applied sciences. In particular, the quest for efficient 
algorithms has fuelled much research into the structure of graphs. The importance 
of spanning trees of various special types, such as breadth-first and depth-first 
trees, has become evident, and tree decompositions of graphs are a central ingre- 
dient in the theory of graph minors. Algorithmic graph theory borrows tools from 
a number of disciplines, including geometry and probability theory. The discovery 
by S. Cook in the early 1970s of the existence of the extensive class of seemingly 
intractable W’P-complete problems has led to the search for efficient approxima- 
tion algorithms, the goal being to obtain a good approximation to the true value. 
Here again, probabilistic methods prove to be indispensable. 


The links between graph theory and other branches of mathematics are becom- 
ing increasingly strong, an indication of the growing maturity of the subject. We 
have already noted certain connections with topology, geometry, and probability. 
Algebraic, analytic, and number-theoretic tools are also being employed to consid- 
erable effect. Conversely, graph-theoretical methods are being applied more and 
more in other areas of mathematics. A notable example is Szemerédi’s regularity 
lemma. Developed to solve a conjecture of Erdés and Turan, it has become an 
essential tool in additive number theory, as well as in extremal conbinatorics. An 
extensive account of this interplay can be found in the two-volume Handbook of 
Combinatorics. 


It should be evident from the above remarks that graph theory is a flour- 
ishing discipline. It contains a body of beautiful and powerful theorems of wide 
applicability. The remarkable growth of the subject is reflected in the wealth of 
books and monographs now available. In addition to the Handbook of Combina- 
torics, much of which is devoted to graph theory, and the three-volume treatise on 
combinatorial optimization by Schrijver (2003), destined to become a classic, one 
can find monographs on colouring by Jensen and Toft (1995), on flows by Zhang 
(1997), on matching by Lovasz and Plummer (1986), on extremal graph theory by 
Bollobas (1978), on random graphs by Bollobads (2001) and Janson et al. (2000), 
on probabilistic methods by Alon and Spencer (2000) and Molloy and Reed (1998), 
on topological graph theory by Mohar and Thomassen (2001), on algebraic graph 
theory by Biggs (1993), and on digraphs by Bang-Jensen and Gutin (2001), as 
well as a good choice of textbooks. Another sign is the significant number of new 
journals dedicated to graph theory. 

The present project began with the intention of simply making minor revisions 
to our earlier book. However, we soon came to the realization that the changing 
face of the subject called for a total reorganization and enhancement of its con- 
tents. As with Graph Theory with Applications, our primary aim here is to present 
a coherent introduction to the subject, suitable as a textbook for advanced under- 
graduate and beginning graduate students in mathematics and computer science. 
For pedagogical reasons, we have concentrated on topics which can be covered 
satisfactorily in a course. The most conspicuous omission is the theory of graph 
minors, which we only touch upon, it being too complex to be accorded an adequate 
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treatment. We have maintained as far as possible the terminology and notation of 
our earlier book, which are now generally accepted. 


Particular care has been taken to provide a systematic treatment of the theory 
of graphs without sacrificing its intuitive and aesthetic appeal. Commonly used 
proof techniques are described and illustrated. Many of these are to be found in 
insets, whereas others, such as search trees, network flows, the regularity lemma 
and the local lemma, are the topics of entire sections or chapters. The exercises, 
of varying levels of difficulty, have been designed so as to help the reader master 
these techniques and to reinforce his or her grasp of the material. Those exercises 
which are needed for an understanding of the text are indicated by a star. The 
more challenging exercises are separated from the easier ones by a dividing line. 


A second objective of the book is to serve as an introduction to research in 
graph theory. To this end, sections on more advanced topics are included, and a 
number of interesting and challenging open problems are highlighted and discussed 
in some detail. These and many more are listed in an appendix. 

Despite this more advanced material, the book has been organized in such a way 
that an introductory course on graph theory may be based on the first few sections 
of selected chapters. Like number theory, graph theory is conceptually simple, yet 
gives rise to challenging unsolved problems. Like geometry, it is visually pleasing. 
These two aspects, along with its diverse applications, make graph theory an ideal 
subject for inclusion in mathematical curricula. 

We have sought to convey the aesthetic appeal of graph theory by illustrating 
the text with many interesting graphs — a full list can be found in the index. 
The cover design, taken from Chapter 10, depicts simultaneous embeddings on the 
projective plane of A and its dual, the Petersen graph. 


A Web page for the book is available at 
http://blogs. springer .com/bondyandmurty 


The reader will find there hints to selected exercises, background to open problems, 
other supplementary material, and an inevitable list of errata. For instructors 
wishing to use the book as the basis for a course, suggestions are provided as to 
an appropriate selection of topics, depending on the intended audience. 


We are indebted to many friends and colleagues for their interest in and 
help with this project. Tommy Jensen deserves a special word of thanks. He 
read through the entire manuscript, provided numerous unfailingly pertinent com- 
ments, simplified and clarified several proofs, corrected many technical errors and 
linguistic infelicities, and made valuable suggestions. Others who went through 
and commented on parts of the book include Noga Alon, Roland Assous, Xavier 
Buchwalder, Genghua Fan, Frédéric Havet, Bill Jackson, Stephen Locke, Zsolt 
Tuza, and two anonymous readers. We were most fortunate to benefit in this way 
from their excellent knowledge and taste. 

Colleagues who offered advice or supplied exercises, problems, and other help- 
ful material include Michael Albertson, Marcelo de Carvalho, Joseph Cheriyan, 
Roger Entringer, Herbert Fleischner, Richard Gibbs, Luis Goddyn, Alexander 
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Kelmans, Henry Kierstead, Laszlé6 Lovasz, Claudio Lucchesi, George Purdy, Di- 
eter Rautenbach, Bruce Reed, Bruce Richmond, Neil Robertson, Alexander Schri- 
jver, Paul Seymour, Miklés Simonovits, Balazs Szegedy, Robin Thomas, Stéphan 
Thomassé, Carsten Thomassen, and Jacques Verstraéte. We thank them all warmly 
for their various contributions. We are grateful also to Martin Crossley for allowing 
us to use (in Figure 10.24) drawings of the Mobius band and the torus taken from 
his book Crossley (2005). 

Facilities and support were kindly provided by Maurice Pouzet at Université 
Lyon 1 and Jean Fonlupt at Université Paris 6. The glossary was prepared using 
software designed by Nicola Talbot of the University of East Anglia. Her promptly- 
offered advice is much appreciated. Finally, we benefitted from a fruitful relation- 
ship with Karen Borthwick at Springer, and from the technical help provided by 
her colleagues Brian Bishop and Frank Ganz. 

We are dedicating this book to the memory of our friends Claude Berge, Paul 
Erdos, and Bill Tutte. It owes its existence to their achievements, their guiding 
hands, and their personal kindness. 


J.A. Bondy and U.S.R. Murty 


September 2007 
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1.1 Graphs and Their Representation 


DEFINITIONS AND EXAMPLES 


Many real-world situations can conveniently be described by means of a diagram 
consisting of a set of points together with lines joining certain pairs of these points. 


2 1 Graphs 


For example, the points could represent people, with lines joining pairs of friends; or 
the points might be communication centres, with lines representing communication 
links. Notice that in such diagrams one is mainly interested in whether two given 
points are joined by a line; the manner in which they are joined is immaterial. A 
mathematical abstraction of situations of this type gives rise to the concept of a 
graph. 

A graph G is an ordered pair (V(G), E(G)) consisting of a set V(G) of vertices 
and a set E(G), disjoint from V(G), of edges, together with an incidence function 
Wa that associates with each edge of G an unordered pair of (not necessarily 
distinct) vertices of G. If e is an edge and u and v are vertices such that we(e) = 
{u,v}, then e is said to join u and v, and the vertices u and v are called the ends 
of e. We denote the numbers of vertices and edges in G by u(G) and e(G); these 
two basic parameters are called the order and size of G, respectively. 

Two examples of graphs should serve to clarify the definition. For notational 
simplicity, we write uv for the unordered pair {u, v}. 


Example 1. 
G = (V(G), E(G)) 


where 
V(G) = {u,v, w, £, y} 
E(G) = {a,b,c,d,e, f,g,h} 


and we is defined by 


ve(a)=uv pelb)=uu ypelc)=vw gye(d) = wz 
ve(e)=vx elf)=we ge(g)=uze ve(h)=xy 


Example 2. 
H = (V(#), E(A)) 
where 
V(#) = {U0, V1, V2, U3, U4, Us} 
E(#) = {€1, €2, €3, €4, €5, €6, €7, Eg, €9, E10} 


and wy is defined by 


Wy(e1) = viv2 Wy(e2) = v2v3 Yy(e3) = v3v4 WH(es) = vas YH(es5) = V5V1 
Wy (e6) = ovr Yy(e7) = Vov2 Yy(es) = v0vz3 Yule) = Vovs WH(e10) = Vovs 


DRAWINGS OF GRAPHS 


Graphs are so named because they can be represented graphically, and it is this 
graphical representation which helps us understand many of their properties. Each 
vertex is indicated by a point, and each edge by a line joining the points represent- 
ing its ends. Diagrams of G and H are shown in Figure 1.1. (For clarity, vertices 
are represented by small circles.) 


1.1 Graphs and Their Representation 3 


Fig. 1.1. Diagrams of the graphs G and H 


There is no single correct way to draw a graph; the relative positions of points 
representing vertices and the shapes of lines representing edges usually have no 
significance. In Figure 1.1, the edges of G are depicted by curves, and those of 
HT by straight-line segments. A diagram of a graph merely depicts the incidence 
relation holding between its vertices and edges. However, we often draw a diagram 
of a graph and refer to it as the graph itself; in the same spirit, we call its points 
‘vertices’ and its lines ‘edges’. 

Most of the definitions and concepts in graph theory are suggested by this 
graphical representation. The ends of an edge are said to be incident with the 
edge, and vice versa. Two vertices which are incident with a common edge are 
adjacent, as are two edges which are incident with a common vertex, and two 
distinct adjacent vertices are neighbours. The set of neighbours of a vertex v in a 
graph G is denoted by Ng(v). 

An edge with identical ends is called a loop, and an edge with distinct ends a 
link. Two or more links with the same pair of ends are said to be parallel edges. In 
the graph G of Figure 1.1, the edge 6 is a loop, and all other edges are links; the 
edges d and f are parallel edges. 

Throughout the book, the letter G denotes a graph. Moreover, when there is 
no scope for ambiguity, we omit the letter G from graph-theoretic symbols and 
write, for example, V and EF instead of V(G) and E(G). In such instances, we 
denote the numbers of vertices and edges of G by n and m, respectively. 

A graph is finite if both its vertex set and edge set are finite. In this book, we 
mainly study finite graphs, and the term ‘graph’ always means ‘finite graph’. The 
graph with no vertices (and hence no edges) is the null graph. Any graph with just 
one vertex is referred to as trivial. All other graphs are nontrivial. We admit the 
null graph solely for mathematical convenience. Thus, unless otherwise specified, 
all graphs under discussion should be taken to be nonnull. 

A graph is simple if it has no loops or parallel edges. The graph H in Example 2 
is simple, whereas the graph G in Example 1 is not. Much of graph theory is 
concerned with the study of simple graphs. 
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A set V, together with a set E' of two-element subsets of V, defines a simple 
graph (V,£), where the ends of an edge wv are precisely the vertices u and v. 
Indeed, in any simple graph we may dispense with the incidence function w by 
renaming each edge as the unordered pair of its ends. In a diagram of such a 
graph, the labels of the edges may then be omitted. 


SPECIAL FAMILIES OF GRAPHS 


Certain types of graphs play prominent roles in graph theory. A complete graph 
is a simple graph in which any two vertices are adjacent, an empty graph one in 
which no two vertices are adjacent (that is, one whose edge set is empty). A graph 
is bipartite if its vertex set can be partitioned into two subsets X and Y so that 
every edge has one end in X and one end in Y; such a partition (X,Y) is called 
a bipartition of the graph, and X and Y its parts. We denote a bipartite graph 
G with bipartition (X,Y) by GLX, Y]. If GLX, Y] is simple and every vertex in X 
is joined to every vertex in Y, then G is called a complete bipartite graph. A star 
is a complete bipartite graph G[X,Y] with |X| = 1 or |Y| = 1. Figure 1.2 shows 
diagrams of a complete graph, a complete bipartite graph, and a star. 


U1 Y1 


X11 x2 x, 3 
5 Ne ie | . 0 Y2 
Nae a ~ yy, 
\ / \ \ / LY 
\ a, d L NY ‘ 
Y1 ¥: ¥3 Ya ¥3 


VA U3 2 


(a) (0) (c) 


Fig. 1.2. (a) A complete graph, (b) a complete bipartite graph, and (c) a star 


A path is a simple graph whose vertices can be arranged in a linear sequence in 
such a way that two vertices are adjacent if they are consecutive in the sequence, 
and are nonadjacent otherwise. Likewise, a cycle on three or more vertices is a 
simple graph whose vertices can be arranged in a cyclic sequence in such a way 
that two vertices are adjacent if they are consecutive in the sequence, and are 
nonadjacent otherwise; a cycle on one vertex consists of a single vertex with a 
loop, and a cycle on two vertices consists of two vertices joined by a pair of parallel 
edges. The length of a path or a cycle is the number of its edges. A path or cycle 
of length & is called a k-path or k-cycle, respectively; the path or cycle is odd or 
even according to the parity of k. A 3-cycle is often called a triangle, a 4-cycle 
a quadrilateral, a 5-cycle a pentagon, a 6-cycle a hexagon, and so on. Figure 1.3 
depicts a 3-path and a 5-cycle. 
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U3 Uy 


go— 
i= 
iw) 


(a) 


Fig. 1.3. (a) A path of length three, and (b) a cycle of length five 


A graph is connected if, for every partition of its vertex set into two nonempty 
sets X and Y, there is an edge with one end in X and one end in Y; otherwise the 
graph is disconnected. In other words, a graph is disconnected if its vertex set can 
be partitioned into two nonempty subsets X and Y so that no edge has one end 
in X and one end in Y. (It is instructive to compare this definition with that of 
a bipartite graph.) Examples of connected and disconnected graphs are displayed 
in Figure 1.4. 
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Fig. 1.4. (a) A connected graph, and (b) a disconnected graph 


As observed earlier, examples of graphs abound in the real world. Graphs also 
arise naturally in the study of other mathematical structures such as polyhedra, 
lattices, and groups. These graphs are generally defined by means of an adjacency 
rule, prescribing which unordered pairs of vertices are edges and which are not. A 
number of such examples are given in the exercises at the end of this section and 
in Section 1.3. 

For the sake of clarity, we observe certain conventions in representing graphs by 
diagrams: we do not allow an edge to intersect itself, nor let an edge pass through 
a vertex that is not an end of the edge; clearly, this is always possible. However, 
two edges may intersect at a point that does not correspond to a vertex, as in the 
drawings of the first two graphs in Figure 1.2. A graph which can be drawn in the 
plane in such a way that edges meet only at points corresponding to their common 
ends is called a planar graph, and such a drawing is called a planar embedding 
of the graph. For instance, the graphs G and H of Examples 1 and 2 are both 
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planar, even though there are crossing edges in the particular drawing of G shown 
in Figure 1.1. The first two graphs in Figure 1.2, on the other hand, are not planar, 
as proved later. 

Although not all graphs are planar, every graph can be drawn on some surface 
so that its edges intersect only at their ends. Such a drawing is called an embedding 
of the graph on the surface. Figure 1.21 provides an example of an embedding of a 
graph on the torus. Embeddings of graphs on surfaces are discussed in Chapter 3 
and, more thoroughly, in Chapter 10. 


INCIDENCE AND ADJACENCY MATRICES 


Although drawings are a convenient means of specifying graphs, they are clearly 
not suitable for storing graphs in computers, or for applying mathematical methods 
to study their properties. For these purposes, we consider two matrices associated 
with a graph, its incidence matrix and its adjacency matrix. 

Let G be a graph, with vertex set V and edge set E. The incidence matrix of 
G is the nx m matrix Mg := (my), where my- is the number of times (0, 1, or 2) 
that vertex v and edge e are incident. Clearly, the incidence matrix is just another 
way of specifying the graph. 

The adjacency matrix of G is the n x n matrix Ag := (Guy), where dy, is the 
number of edges joining vertices u and v, each loop counting as two edges. Incidence 
and adjacency matrices of the graph G of Figure 1.1 are shown in Figure 1.5. 


abcdefgh Uuvwaery 

ujl12000010 uj21010 

vj10101000 vj10110 

w|00110100 wi|010 20 

z\jO0011111 zjl11201 

yJO0000001 yj00010 
G M A 


Fig. 1.5. Incidence and adjacency matrices of a graph 


Because most graphs have many more edges than vertices, the adjacency matrix 
of a graph is generally much smaller than its incidence matrix and thus requires 
less storage space. When dealing with simple graphs, an even more compact rep- 
resentation is possible. For each vertex v, the neighbours of v are listed in some 
order. A list (N(v) : vu € V) of these lists is called an adjacency list of the graph. 
Simple graphs are usually stored in computers as adjacency lists. 

When G is a bipartite graph, as there are no edges joining pairs of vertices 
belonging to the same part of its bipartition, a matrix of smaller size than the 
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adjacency matrix may be used to record the numbers of edges joining pairs of 
vertices. Suppose that G[X,Y] is a bipartite graph, where X := {x1,22,...,2,} 
and Y := {y1,y2,---, Ys}. We define the bipartite adjacency matrix of G to be the 
r x s matrix Bg = (b;;), where b;; is the number of edges joining x; and y;. 


VERTEX DEGREES 


The degree of a vertex v in a graph G, denoted by dg(v), is the number of edges of 
G incident with v, each loop counting as two edges. In particular, if G is a simple 
graph, dg(v) is the number of neighbours of v in G. A vertex of degree zero is called 
an isolated verter. We denote by 6(G) and A(G) the minimum and maximum 
degrees of the vertices of G, and by d(G) their average degree, + >< d(v). The 
following theorem establishes a fundamental identity relating the degrees of the 
vertices of a graph and the number of its edges. 


Theorem 1.1 For any graph G, 


S¢ d(v) = 2m (1.1) 


vEV 


Proof Consider the incidence matrix M of G. The sum of the entries in the row 
corresponding to vertex v is precisely d(v). Therefore }°,,-y d(v) is just the sum 
of all the entries in M. But this sum is also 2m, because each of the m column 
sums of M is 2, each edge having two ends. 


Corollary 1.2 In any graph, the number of vertices of odd degree is even. 
Proof Consider equation (1.1) modulo 2. We have 


_ f 1 (mod 2) if d(w) is odd, 
a) = c ae 2) if d(v) is ee 


Thus, modulo 2, the left-hand side is congruent to the number of vertices of odd 
degree, and the right-hand side is zero. The number of vertices of odd degree is 
therefore congruent to zero modulo 2. 


A graph G is k-regular if d(v) = k for all v € V; a regular graph is one that 
is k-regular for some k. For instance, the complete graph on n vertices is (n — 1)- 
regular, and the complete bipartite graph with k vertices in each part is k-regular. 
For k = 0,1 and 2, k-regular graphs have very simple structures and are easily 
characterized (Exercise 1.1.5). By contrast, 3-regular graphs can be remarkably 
complex. These graphs, also referred to as cubic graphs, play a prominent role in 
graph theory. We present a number of interesting examples of such graphs in the 
next section. 
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PROOF TECHNIQUE: COUNTING IN Two Ways 


In proving Theorem 1.1, we used a common proof technique in combinatorics, 
known as counting in two ways. It consists of considering a suitable matrix 
and computing the sum of its entries in two different ways: firstly as the sum 
of its row sums, and secondly as the sum of its column sums. Equating these 
two quantities results in an identity. In the case of Theorem 1.1, the matrix 
we considered was the incidence matrix of G. In order to prove the identity of 
Exercise 1.1.9a, the appropriate matrix to consider is the bipartite adjacency 
matrix of the bipartite graph G[X, Y]. In both these cases, the choice of the 
appropriate matrix is fairly obvious. However, in some cases, making the right 
choice requires ingenuity. 


Note that an upper bound on the sum of the column sums of a matrix is 
clearly also an upper bound on the sum of its row sums (and vice versa). 
The method of counting in two ways may therefore be adapted to establish 
inequalities. The proof of the following proposition illustrates this idea. 


Proposition 1.3 Let G[X,Y] be a bipartite graph without isolated vertices 
such that d(x) > d(y) for allay € E, wherex € X andy € Y. Then |X| < |Y|, 
with equality if and only if d(a) = d(y) for all xy € E. 


Proof The first assertion follows if we can find a matrix with |X| rows and 
|Y| columns in which each row sum is one and each column sum is at most 
one. Such a matrix can be obtained from the bipartite adjacency matrix B 
of G[X,Y] by dividing the row corresponding to vertex x by d(x), for each 
x € X. (This is possible since d(a) 4 0.) Because the sum of the entries of B 
in the row corresponding to x is d(z), all row sums of the resulting matrix B 
are equal to one. On the other hand, the sum of the entries in the column of 
B corresponding to vertex y is }>1/d(x), the sum being taken over all edges 
xy incident to y, and this sum is at most one because 1/d(x) < 1/d(y) for 
each edge xy, by hypothesis, and because there are d(y) edges incident to y. 


The above argument may be expressed more concisely as follows. 


Po gee 


wEX yeY rex rycH wEX cycE yeY xEx 
rycE yeY yeY zycE 


Furthermore, if |X| = |Y|, the middle inequality must be an equality, imply- 
ing that d(a) = d(y) for all zy € E. 


An application of this proof technique to a problem in set theory about geo- 
metric configurations is described in Exercise 1.3.15. 
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Exercises 


1.1.1 Let G be a simple graph. Show that m < eaP and determine when equality 
holds. 


1.1.2 Let GLX, Y] be a simple bipartite graph, where |X| =r and |Y| = s. 


a) Show that m < rs. 
b) Deduce that m < n?/4. 
c) Describe the simple bipartite graphs G for which equality holds in (b). 


*1.1.3 Show that: 


a) every path is bipartite, 
b) a cycle is bipartite if and only if its length is even. 


1.1.4 Show that, for any graph G, 6(G) < d(G) < A(G). 
1.1.5 For k = 0,1,2, characterize the k-regular graphs. 
1.1.6 


a) Show that, in any group of two or more people, there are always two who have 
exactly the same number of friends within the group. 

b) Describe a group of five people, any two of whom have exactly one friend in 
common. Can you find a group of four people with this same property? 


1.1.7 n-CUBE 
The n-cube Q,, (n > 1) is the graph whose vertex set is the set of all n-tuples of 0s 
and 1s, where two n-tuples are adjacent if they differ in precisely one coordinate. 


a) Draw Qi, Qe, Qs, and Qu. 
b) Determine v(Q,,) and e(Q,). 
c) Show that Q, is bipartite for all n > 1. 


1.1.8 The boolean lattice BL, (n > 1) is the graph whose vertex set is the set 
of all subsets of {1,2,...,n}, where two subsets X and Y are adjacent if their 
symmetric difference has precisely one element. 


a) Draw BL1, BL2, BL3, and BL,. 
b) Determine v(BL,,) and e(BL,,). 
c) Show that BL, is bipartite for all n > 1. 


*1.1.9 Let G[X,Y] be a bipartite graph. 


a) Show that )7.cx d(v) = Vey av). 
b) Deduce that if G is k-regular, with k > 1, then |X| = |Y|. 
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«1.1.10 k-PARTITE GRAPH 

A k-partite graph is one whose vertex set can be partitioned into k subsets, or 
parts, in such a way that no edge has both ends in the same part. (Equivalently, 
one may think of the vertices as being colourable by k colours so that no edge joins 
two vertices of the same colour.) Let G be a simple k-partite graph with parts of 
sizes @1,Q2,...,@%. Show that m < 4 Sa a;(n — aj). 


*1.1.11 TURAN GRAPH 

A k-partite graph is complete if any two vertices in different parts are adjacent. A 
simple complete k-partite graph on n vertices whose parts are of equal or almost 
equal sizes (that is, |n/k| or [n/k]) is called a Turdn graph and denoted Tn. 


a) Show that T),,n has more edges than any other simple complete k-partite graph 
on n vertices. 
b) Determine e(Ty.n). 


1.1.12 


a) Show that if G is simple and m > are S then G is connected. 


b) For n > 1, find a disconnected simple graph G with m = ("5"). 


1.1.13 


a) Show that if G is simple and 6 > $(n — 2), then G is connected. 
b) For n even, find a disconnected $(n — 2)-regular simple graph. 


1.1.14 For a simple graph G, show that the diagonal entries of both A* and MM* 
(where M’ denotes the transpose of M) are the degrees of the vertices of G. 


1.1.15 Show that the rank over GF'(2) of the incidence matrix of a graph G is at 
most n — 1, with equality if and only if G is connected. 


1.1.16 DEGREE SEQUENCE 

If G has vertices v1,v2,...,Un, the sequence (d(v1), d(v2),...,d(vn)) is called a 
degree sequence of G. Let d := (dj,d2,...,d,) be a nonincreasing sequence of 
nonnegative integers, that is, d; > dy >--- > d, => 0. Show that: 


a) there is a graph with degree sequence d if and only if 5>"_, d; is even, 
b) there is a loopless graph with degree sequence d if and only if }>"_, d; is even 
and dy < ae dj. 


1.1.17 COMPLEMENT OF A GRAPH _ 
Let G be a simple graph. The complement G of G is the simple graph whose vertex 
set is V and whose edges are the pairs of nonadjacent vertices of G. 


a) Express the degree sequence of G in terms of the degree sequence of G. 
b) Show that if G is disconnected, then G is connected. Is the converse true? 


ee 
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1.1.18 GRAPHIC SEQUENCE 
A sequence d = (d1,d2,...,dn) is graphic if there is a simple graph with degree 
sequence d. Show that: 


a) the sequences (7,6,5,4,3,3,2) and (6,6,5,4,3,3,1) are not graphic, 
b) if d = (di, dg,...,dn) is graphic and d; > dz >--- > dy, then pee d; is even 


and 
k n 
Sidi <k(k-1)+ S> min{k,di}, 1<k<n 
4=1 i=k+1 


(Erdés and Gallai (1960) showed that these necessary conditions for a sequence 
to be graphic are also sufficient.) 


1.1.19 Let d = (di, do,...,d,) be a nonincreasing sequence of nonnegative inte- 
gers. Set d’ = (do = 1, dg = ie rh dds 41 = 1, da, +2, rare edn) 


a) Show that d is graphic if and only if d’ is graphic. 

b) Using (a), describe an algorithm which accepts as input a nonincreasing se- 
quence d of nonnegative integers, and returns either a simple graph with degree 
sequence d, if such a graph exists, or else a proof that d is not graphic. 

(V. HAVEL AND S.L. HAKIMI) 


1.1.20 Let S be a set of nm points in the plane, the distance between any two 
of which is at least one. Show that there are at most 3n pairs of points of S at 
distance exactly one. 


1.1.21 EIGENVALUES OF A GRAPH 

Recall that the eigenvalues of a square matrix A are the roots of its characteristic 
polynomial det(A — 2I). An eigenvalue of a graph is an eigenvalue of its adjacency 
matrix. Likewise, the characteristic polynomial of a graph is the characteristic 
polynomial of its adjacency matrix. Show that: 


a) every eigenvalue of a graph is real, 
b) every rational eigenvalue of a graph is integral. 


1.1.22 


a) Let G be a k-regular graph. Show that: 
i) MM* = A +4I, where I is the n x n identity matrix, 
ii) k is an eigenvalue of G’, with corresponding eigenvector 1, the n-vector in 
which each entry is 1. 
b) Let G be a complete graph of order n. Denote by J the n x n matrix all of 
whose entries are 1. Show that: 
i) A=J-I, 
ii) det (J — (1+ AND) = (1+ A—n)(1 +A)". 
c) Derive from (b) the eigenvalues of a complete graph and their multiplicities, 
and determine the corresponding eigenspaces. 
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1.1.23 Let G be a simple graph. 


a) Show that G has adjacency matrix J—I-— A. 
b) Suppose now that G is k-regular. 

i) Deduce from Exercise 1.1.22 that n — k — 1 is an eigenvalue of G, with 
corresponding eigenvector 1. 

ii) Show that if \ is an eigenvalue of G different from k, then —1 — X is 
an eigenvalue of G, with the same multiplicity. (Recall that eigenvectors 
corresponding to distinct eigenvalues of a real symmetric matrix are or- 
thogonal.) 


1.1.24 Show that: 


a) no eigenvalue of a graph G has absolute value greater than A, 

b) if G is a connected graph and A is an eigenvalue of G, then G is regular, 

c) if G is a connected graph and —A is an eigenvalue of G, then G is both regular 
and bipartite. 


1.1.25 STRONGLY REGULAR GRAPH 
A simple graph G which is neither empty nor complete is said to be strongly regular 
with parameters (vu, k, A, 1) if: 


> u(G)=v, 

> Gis k-regular, 

> any two adjacent vertices of G have A common neighbours, 

> any two nonadjacent vertices of G have 4 common neighbours. 


Let G be a strongly regular graph with parameters (v, k, A, w). Show that: 


a) G is strongly regular, 
b) K(K-A-1)=(v-—k-Dyp, 
c) AZ =kI+AA+p(J-I-A). 


1.2 Isomorphisms and Automorphisms 


ISOMORPHISMS 


Two graphs G and H are identical, written G = H, if V(G) = V(H), E(G) = 
E(#), and we = wy. If two graphs are identical, they can clearly be represented by 
identical diagrams. However, it is also possible for graphs that are not identical to 
have essentially the same diagram. For example, the graphs G and H in Figure 1.6 
can be represented by diagrams which look exactly the same, as the second drawing 
of H shows; the sole difference lies in the labels of their vertices and edges. Although 
the graphs G and H are not identical, they do have identical structures, and are 
said to be isomorphic. 

In general, two graphs G and H are isomorphic, written G = H, if there are 
bijections 0: V(G) — V(#H) and ¢: E(G) — E(#) such that wc(e) = uv if and 
only if Wx(¢(e)) = A(w)O(v); such a pair of mappings is called an isomorphism 
between G and H. 
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Fig. 1.6. Isomorphic graphs 


In order to show that two graphs are isomorphic, one must indicate an isomor- 
phism between them. The pair of mappings (0, @) defined by 


O-= ee ee Gees 
, Weye fs fa fi fo fa fa 
is an isomorphism between the graphs G and H in Figure 1.6. 

In the case of simple graphs, the definition of isomorphism can be stated more 
concisely, because if (6, ¢) is an isomorphism between simple graphs G' and H, the 
mapping ¢ is completely determined by 0; indeed, ¢(e) = O(u)@(v) for any edge 
e = uv of G. Thus one may define an isomorphism between two simple graphs G 
and H as a bijection 0 : V(G) — V(#) which preserves adjacency (that is, the 
vertices u and v are adjacent in G if and only if their images @(w) and 6(v) are 
adjacent in H). 

Consider, for example, the graphs G and H in Figure 1.7. 


a b 
1 2 3 
f Cc 
4 5 6 € d 
G H 


Fig. 1.7. Isomorphic simple graphs 
The mapping 
Hee 123456 
~~ bdfcea 


is an isomorphism between G and H, as is 


14 1 Graphs 


yi (123456 
~ acedfb 


Isomorphic graphs clearly have the same numbers of vertices and edges. On 
the other hand, equality of these parameters does not guarantee isomorphism. For 
instance, the two graphs shown in Figure 1.8 both have eight vertices and twelve 
edges, but they are not isomorphic. To see this, observe that the graph G has four 
mutually nonadjacent vertices, v1, v3, Ug, and vg. If there were an isomorphism 6 
between G and H, the vertices 0(v1), 0(v3), 0(ve), and O(vg) of H would likewise 
be mutually nonadjacent. But it can readily be checked that no four vertices of H 
are mutually nonadjacent. We deduce that G and H are not isomorphic. 


U1 v2 
i ) 
U5 * U6 
U8 U7 
V4 U3 
G 


Fig. 1.8. Nonisomorphic graphs 


It is clear from the foregoing discussion that if two graphs are isomorphic, then 
they are either identical or differ merely in the names of their vertices and edges, 
and thus have the same structure. Because it is primarily in structural properties 
that we are interested, we often omit labels when drawing graphs; formally, we may 
define an unlabelled graph as a representative of an equivalence class of isomorphic 
graphs. We assign labels to vertices and edges in a graph mainly for the purpose 
of referring to them (in proofs, for instance). 

Up to isomorphism, there is just one complete graph on n vertices, denoted K,,. 
Similarly, given two positive integers m and n, there is a unique complete bipartite 
graph with parts of sizes m and n (again, up to isomorphism), denoted Ayn n. 
In this notation, the graphs in Figure 1.2 are K;, K33, and K,5, respectively. 
Likewise, for any positive integer n, there is a unique path on n vertices and a 
unique cycle on n vertices. These graphs are denoted P,, and C,,, respectively. The 
graphs depicted in Figure 1.3 are Py and Cs. 


TESTING FOR ISOMORPHISM 


Given two graphs on n vertices, it is certainly possible in principle to determine 
whether they are isomorphic. For instance, if G and H are simple, one could just 
consider each of the n! bijections between V(G) and V(#) in turn, and check 
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whether it is an isomorphism between the two graphs. If the graphs happen to be 
isomorphic, an isomorphism might (with luck) be found quickly. On the other hand, 
if they are not isomorphic, one would need to check all n! bijections to discover 
this fact. Unfortunately, even for moderately small values of n (such as n = 100), 
the number n! is unmanageably large (indeed, larger than the number of particles 
in the universe!), so this ‘brute force’ approach is not feasible. Of course, if the 
graphs are not regular, the number of bijections to be checked will be smaller, as an 
isomorphism must map each vertex to a vertex of the same degree (Exercise 1.2.1a). 
Nonetheless, except in particular cases, this restriction does not serve to reduce 
their number sufficiently. Indeed, no efficient generally applicable procedure for 
testing isomorphism is known. However, by employing powerful group-theoretic 
methods, Luks (1982) devised an efficient isomorphism-testing algorithm for cubic 
graphs and, more generally, for graphs of bounded maximum degree. 

There is another important matter related to algorithmic questions such as 
graph isomorphism. Suppose that two simple graphs G and H are isomorphic. 
It might not be easy to find an isomorphism between them, but once such an 
isomorphism @ has been found, it is a simple matter to verify that @ is indeed an 
isomorphism: one need merely check that, for each of the (5) pairs uv of vertices 
of G, uv € E(G) if and only if 0(u)@(v) € E(#). On the other hand, if G and H 
happen not to be isomorphic, how can one verify this fact, short of checking all 
possible bijections between V(G) and V(#)? In certain cases, one might be able to 
show that G and H are not isomorphic by isolating some structural property of G 
that is not shared by H, as we did for the graphs G and H of Figure 1.8. However, in 
general, verifying that two nonisomorphic graphs are indeed not isomorphic seems 
to be just as hard as determining in the first place whether they are isomorphic or 
not. 


AUTOMORPHISMS 


An automorphism of a graph is an isomorphism of the graph to itself. In the case 
of a simple graph, an automorphism is just a permutation a of its vertex set which 
preserves adjacency: if wu is an edge then so is a(u)a(v). 

The automorphisms of a graph reflect its symmetries. For example, if u and 
v are two vertices of a simple graph, and if there is an automorphism a which 
maps u to v, then u and v are alike in the graph, and are referred to as similar 
vertices. Graphs in which all vertices are similar, such as the complete graph 
k,,, the complete bipartite graph K,,,, and the n-cube Q,,, are called vertex- 
transitive. Graphs in which no two vertices are similar are called asymmetric; 
these are the graphs which have only the identity permutation as automorphism 
(see Exercise 1.2.14). 

Particular drawings of a graph may often be used to display its symmetries. 
As an example, consider the three drawings shown in Figure 1.9 of the Petersen 
graph, a graph which turns out to have many special properties. (We leave it as 
an exercise (1.2.5) that they are indeed drawings of one and the same graph.) The 
first drawing shows that the five vertices of the outer pentagon are similar (under 
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rotational symmetry), as are the five vertices of the inner pentagon. The third 
drawing exhibits six similar vertices (under reflective or rotational symmetry), 
namely the vertices of the outer hexagon. Combining these two observations, we 
conclude that all ten vertices of the Petersen graph are similar, and thus that the 
graph is vertex-transitive. 


Fig. 1.9. Three drawings of the Petersen graph 


We denote the set of all automorphisms of a graph G by Aut(G), and their 
number by aut(G). It can be verified that Aut(G) is a group under the operation 
of composition (Exercise 1.2.9). This group is called the automorphism group of 
G. The automorphism group of K,, is the symmetric group S,, consisting of all 
permutations of its vertex set. In general, for any simple graph G on n vertices, 
Aut(G) is a subgroup of S',. For instance, the automorphism group of C;, is Dn, 
the dihedral group on n elements (Exercise 1.2.10). 


LABELLED GRAPHS 


As we have seen, the edge set E of a simple graph G' = (V, £) is usually considered 
to be a subset of ieee the set of all 2-subsets of V; edge labels may then be omitted 
in drawings of such graphs. A simple graph whose vertices are labelled, but whose 
edges are not, is referred to as a labelled simple graph. If |V| = n, there are 2(2) 


distinct subsets of (¥)), so 2(2) labelled simple graphs with vertex set V. We denote 
by G, the set of labelled simple graphs with vertex set V := {v1,v2,...,Un}. The 
set G3 is shown in Figure 1.10. 

A priori, there are n! ways of assigning the labels v1, v2,...,Un to the vertices 
of an unlabelled simple graph on n vertices. But two of these will yield the same 
labelled graph if there is an automorphism of the graph mapping one labelling to 
the other. For example, all six labellings of K3 result in the same element of G3, 
whereas the six labellings of P3 yield three distinct labelled graphs, as shown in 
Figure 1.10. The number of distinct labellings of a given unlabelled simple graph 
G on n vertices is, in fact, n!/aut(G) (Exercise 1.2.15). Consequently, 


U3 


U1 


U3 


U3 
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V1 


V1 
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Fig. 1.10. The eight labelled graphs on three vertices 


where the sum is over all unlabelled simple graphs on n vertices. In particular, the 
number of unlabelled simple graphs on n vertices is at least 


(3) 
2) es 


For small values of n, this bound is not particularly good. For example, there 
are four unlabelled simple graphs on three vertices, but the bound (1.2) is just 
two. Likewise, the number of unlabelled simple graphs on four vertices is eleven 
(Exercise 1.2.6), whereas the bound given by (1.2) is three. Nonetheless, when n 
is large, this bound turns out to be a good approximation to the actual number 
of unlabelled simple graphs on n vertices because the vast majority of graphs are 
asymmetric (see Exercise 1.2.15d). 


Exercises 


1.2.1 


a) Show that any isomorphism between two graphs maps each vertex to a vertex 
of the same degree. 

b) Deduce that isomorphic graphs necessarily have the same (nonincreasing) de- 
gree sequence. 


1.2.2 Show that the graphs in Figure 1.11 are not isomorphic (even though they 
have the same degree sequence). 


1.2.3 Let G be a connected graph. Show that every graph which is isomorphic to 
G is connected. 


1.2.4 Determine: 


a) the number of isomorphisms between the graphs G and H of Figure 1.7, 
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Fig. 1.11. Nonisomorphic graphs 


b) the number of automorphisms of each of these graphs. 
*1.2.5 Show that the three graphs in Figure 1.9 are isomorphic. 


1.2.6 Draw: 


a) all the labelled simple graphs on four vertices, 
b) all the unlabelled simple graphs on four vertices, 
c) all the unlabelled simple cubic graphs on eight or fewer vertices. 


1.2.7 Show that the n-cube Q,, and the boolean lattice BL, (defined in Exer- 
cises 1.1.7 and 1.1.8) are isomorphic. 


1.2.8 Show that two simple graphs G and H are isomorphic if and only if there 
exists a permutation matrix P such that Ay = PAcgP". 


1.2.9 Show that Aut(G) is a group under the operation of composition. 


1.2.10 


a) Show that, for n > 2, Aut(P,) = Sz and Aut(C;,) = Dy, the dihedral group on 
n elements (where © denotes isomorphism of groups; see, for example, Herstein 
(1996)). 

b) Determine the automorphism group of the complete bipartite graph Ky. 


1.2.11 Show that, for any simple graph G, Aut(G) = Aut(G). 


1.2.12 Consider the subgroup I’ of $3 with elements (1)(2)(3), (123), and (132). 


a) Show that there is no simple graph whose automorphism group is I’. 

b) Find a simple graph whose automorphism group is isomorphic to I’. 
(Frucht (1938) showed that every abstract group is isomorphic to the auto- 
morphism group of some simple graph.) 


1.2.13 ORBITS OF A GRAPH 


a) Show that similarity is an equivalence relation on the vertex set of a graph. 
b) The equivalence classes with respect to similarity are called the orbits of the 
graph. Determine the orbits of the graphs in Figure 1.12. 
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Fig. 1.12. Determine the orbits of these graphs (Exercise 1.2.13) 


1.2.14 


a) Show that there is no asymmetric simple graph on five or fewer vertices. 
b) For each n > 6, find an asymmetric simple graph on n vertices. 


ee 


1.2.15 Let G and H be isomorphic members of G,, let 6 be an isomorphism 
between G and H, and let a be an automorphism of G. 


a) Show that #a is an isomorphism between G and H. 

b) Deduce that the set of all isomorphisms between G and H is the coset 0Aut(G) 
of Aut(G). 

c) Deduce that the number of labelled graphs isomorphic to G is equal to 
n! /aut(G). 

d) Erdés and Rényi (1963) have shown that almost all simple graphs are asym- 
metric (that is, the proportion of simple graphs on n vertices that are asym- 
metric tends to one as n tends to infinity). Using this fact, deduce from (c) 
that the number of unlabelled graphs on n vertices is asymptotically equal to 
2(2) /n! (G. Potya) 


1.2.16 SELF-COMPLEMENTARY GRAPH 
A simple graph is self-complementary if it is isomorphic to its complement. Show 
that: 

a) each of the graphs P; and Cs (shown in Figure 1.3) is self-complementary, 

b) every self-complementary graph is connected, 


c) if G is self-complementary, then n = 0,1 (mod 4), 
d) every selfcomplementary graph on 4k + 1 vertices has a vertex of degree 2k. 


1.2.17 EDGE-TRANSITIVE GRAPH 
A simple graph is edge-transitive if, for any two edges uv and xy, there is an 


automorphism a such that a(u)a(v) = xy. 
a) Find a graph which is vertex-transitive but not edge-transitive. 
b) Show that any graph without isolated vertices which is edge-transitive but not 
vertex-transitive is bipartite. (E. DAUBER) 
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1.2.18 THE FOLKMAN GRAPH 


a) Show that the graph shown in Figure 1.13a is edge-transitive but not vertex- 
transitive. 


(a) (0) 


Fig. 1.13. Construction of the Folkman graph 


b) The Folkman graph, depicted in Figure 1.13b, is the 4-regular graph obtained 
from the graph of Figure 1.13a by replacing each vertex v of degree eight by 
two vertices of degree four, both of which have the same four neighbours as v. 
Show that the Folkman graph is edge-transitive but not vertex-transitive. 

(J. FOLKMAN) 


1.2.19 GENERALIZED PETERSEN GRAPH 

Let k and n be positive integers, with n > 2k. The generalized Petersen graph 
Pyn is the simple graph with vertices x%1,%2,...,%n,Y1,Y2,---,Yn, and edges 
LjLi41, ViYi+k, Liyi, 1 < 4 <n, indices being taken modulo n. (Note that P2,5 
is the Petersen graph.) 


a) Draw the graphs P:7 and P33. 
b) Which of these two graphs are vertex-transitive, and which are edge-transitive? 


1.2.20 Show that if G is simple and the eigenvalues of A are distinct, then every 
automorphism of G is of order one or two. (A. MowsHowI!Tz) 


1.3 Graphs Arising from Other Structures 
As remarked earlier, interesting graphs can often be constructed from geometric 


and algebraic objects. Such constructions are often quite straightforward, but in 
some instances they rely on experience and insight. 
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POLYHEDRAL GRAPHS 


A polyhedral graph is the 1-skeleton of a polyhedron, that is, the graph whose 
vertices and edges are just the vertices and edges of the polyhedron, with the 
same incidence relation. In particular, the five platonic solids (the tetrahedron, 
the cube, the octahedron, the dodecahedron, and the icosahedron) give rise to the 
five platonic graphs shown in Figure 1.14. For classical polyhedra such as these, 
we give the graph the same name as the polyhedron from which it is derived. 


Fig. 1.14. The five platonic graphs: (a) the tetrahedron, (b) the octahedron, (c) the 
cube, (d) the dodecahedron, (e) the icosahedron 


SET SYSTEMS AND HYPERGRAPHS 


A set system is an ordered pair (V,F), where V is a set of elements and F is 
a family of subsets of V. Note that when F consists of pairs of elements of V, 
the set system (V,F) is a loopless graph. Thus set systems can be thought of as 
generalizations of graphs, and are usually referred to as hypergraphs, particularly 
when one seeks to extend properties of graphs to set systems (see Berge (1973)). 
The elements of V are then called the vertices of the hypergraph, and the elements 
of F its edges or hyperedges. A hypergraph is k-wniform if each edge is a k-set (a set 
of k elements). As we show below, set systems give rise to graphs in two principal 
ways: incidence graphs and intersection graphs. 

Many interesting examples of hypergraphs are provided by geometric config- 
urations. A geometric configuration (P,£) consists of a finite set P of elements 
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called points, and a finite family £ of subsets of P called lines, with the property 
that at most one line contains any given pair of points. Two classical examples 
of geometric configurations are the Fano plane and the Desargues configuration. 
These two configurations are shown in Figure 1.15. In both cases, each line consists 
of three points. These configurations thus give rise to 3-uniform hypergraphs; the 
Fano hypergraph has seven vertices and seven edges, the Desargues hypergraph ten 
vertices and ten edges. 
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Fig. 1.15. (a) The Fano plane, and (b) the Desargues configuration 


The Fano plane is the simplest of an important family of geometric configu- 
rations, the projective planes (see Exercise 1.3.13). The Desargues configuration 
arises from a well-known theorem in projective geometry. Other examples of in- 
teresting geometric configurations are described in Coxeter (1950) and Godsil and 
Royle (2001). 


INCIDENCE GRAPHS 


A natural graph associated with a set system H = (V,F) is the bipartite graph 
G[V, F], where v € V and F € F are adjacent if v € F. This bipartite graph G is 
called the incidence graph of the set system H, and the bipartite adjacency matrix 
of G the incidence matrix of H; these are simply alternative ways of representing a 
set system. Incidence graphs of geometric configurations often give rise to interest- 
ing bipartite graphs; in this context, the incidence graph is sometimes called the 
Levi graph of the configuration. The incidence graph of the Fano plane is shown 
in Figure 1.16. This graph is known as the Heawood graph. 


INTERSECTION GRAPHS 


With each set system (V,F) one may associate its intersection graph. This is the 
graph whose vertex set is F, two sets in F being adjacent if their intersection is 
nonempty. For instance, when V is the vertex set of a simple graph G and F := E, 
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Fig. 1.16. The incidence graph of the Fano plane: the Heawood graph 


the edge set of G, the intersection graph of (V,F) has as vertices the edges of G, 
two edges being adjacent if they have an end in common. For historical reasons, 
this graph is known as the line graph of G and denoted L(G). Figure 1.17 depicts 
a graph and its line graph. 
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Fig. 1.17. A graph and its line graph 


It can be shown that the intersection graph of the Desargues configuration is 
isomorphic to the line graph of K;, which in turn is isomorphic to the complement 
of the Petersen graph (Exercise 1.3.2). As for the Fano plane, its intersection graph 
is isomorphic to K7, because any two of its seven lines have a point in common. 

The definition of the line graph L(G) may be extended to all loopless graphs 
G as being the graph with vertex set EF in which two vertices are joined by just as 
many edges as their number of common ends in G. 

When V = R and F is a set of closed intervals of R, the intersection graph of 
(V,F) is called an interval graph. Examples of practical situations which give rise 
to interval graphs can be found in the book by Berge (1973). Berge even wrote a 
detective story whose resolution relies on the theory of interval graphs; see Berge 
(1995). 


It should be evident from the above examples that graphs are implicit in a 
wide variety of structures. Many such graphs are not only interesting in their own 
right but also serve to provide insight into the structures from which they arise. 
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Exercises 


1.3.1 


a) Show that the graph in Figure 1.18 is isomorphic to the Heawood graph (Fig- 
ure 1.16). 


Fig. 1.18. Another drawing of the Heawood graph 


b) Deduce that the Heawood graph is vertex-transitive. 
1.3.2 Show that the following three graphs are isomorphic: 


> the intersection graph of the Desargues configuration, 
> the line graph of Ks, 
> the complement of the Petersen graph. 


1.3.3 Show that the line graph of K3.3 is self-complementary. 
1.3.4 Show that neither of the graphs displayed in Figure 1.19 is a line graph. 


1.3.5 Let H := (V,F) be a hypergraph. The number of edges incident with a 
vertex v of H is its degree, denoted d(v). A degree sequence of H is a vector 
d := (d(v): v € V). Let M be the incidence matrix of H and d the corresponding 
degree sequence of H. Show that the sum of the columns of M is equal to d. 


1.3.6 Let H := (V,F) be a hypergraph. For v € V, let F, denote the set of edges 
of H incident to v. The dual of H is the hypergraph H* whose vertex set is F and 
whose edges are the sets F,, uv € V. 


Fig. 1.19. Two graphs that are not line graphs 
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a) How are the incidence graphs of H and H™ related? 

b) Show that the dual of H* is isomorphic to H. 

c) A hypergraph is self-dual if it is isomorphic to its dual. Show that the Fano 
and Desargues hypergraphs are self-dual. 


1.3.7 HELLY PROPERTY 
A family of sets has the Helly Property if the members of each pairwise intersecting 
subfamily have an element in common. 


a) Show that the family of closed intervals on the real line has the Helly Property. 
(E. HELLY) 
b) Deduce that the graph in Figure 1.20 is not an interval graph. 


Fig. 1.20. A graph that is not an interval graph 


1.3.8 KNESER GRAPH 

Let m and n be positive integers, where n > 2m. The Kneser graph KG» is 
the graph whose vertices are the m-subsets of an n-set $, two such subsets being 
adjacent if and only if their intersection is empty. Show that: 


a) KGin = Ky, n= 3, 
b) KG ,, is isomorphic to the complement of L(K,,), n > 5. 


1.3.9 Let G be a simple graph with incidence matrix M. 


a) Show that the adjacency matrix of its line graph L(G) is M'M — 21, where I 
is the m x m identity matrix. 
b) Using the fact that M‘M is positive-semidefinite, deduce that: 
i) each eigenvalue of L(G) is at least —2, 
ii) if the rank of M is less than m, then —2 is an eigenvalue of L(G) . 


ee 


1.3.10 


a) Consider the following two matrices B and C, where wz is an indeterminate, M 
is an arbitrary n x m matrix, and I is an identity matrix of the appropriate 


dimension. 
IM zl —M 
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By equating the determinants of BC and CB, derive the identity 
det (aI — M'M) = 2”—" det(aI — MM") 


b) Let G be a simple k-regular graph with k > 2. By appealing to Exercise 1.3.9 
and using the above identity, establish the following relationship between the 
characteristic polynomials of L(G) and G. 


det (Ap(@ — 21) = (—1)"""(a + 2)" det(Ag — («+2 — kD) 


c) Deduce that: 
i) to each eigenvalue \ #4 —k of G, there corresponds an eigenvalue \ + k — 2 
of L(G), with the same multiplicity, 
ii) —2 is an eigenvalue of L(G) with multiplicity m — n+ 1, where r is the 
multiplicity of the eigenvalue —k of G. (If —k is not an eigenvalue of G 
then r = 0.) (H. SACHS) 


1.3.11 
a) Using Exercises 1.1.22 and 1.3.10, show that the eigenvalues of L(/‘5) are 


(6,1,1,1,1,-2, -—2, —2, —2, —2) 


b) Applying Exercise 1.1.23, deduce that the Petersen graph has eigenvalues 
(3,1,1,1,1,1, -2, -2, -2, -2) 


1.3.12 SPERNER’S LEMMA 


Let T be a triangle in the plane. A subdivision of T into triangles is simplicial if 
any two of the triangles which intersect have either a vertex or an edge in common. 
Consider an arbitrary simplicial subdivision of T into triangles. Assign the colours 
red, blue, and green to the vertices of these triangles in such a way that each 
colour is missing from one side of T but appears on the other two sides. (Thus, in 
particular, the vertices of T are assigned the colours red, blue, and green in some 
order.) 


a) Show that the number of triangles in the subdivision whose vertices receive all 
three colours is odd. (E. SPERNER) 
b) Deduce that there is always at least one such triangle. 


(Sperner’s Lemma, generalized to n-dimensional simplices, is the key ingredient in 
a proof of Brouwer’s Fixed Point Theorem: every continuous mapping of a closed 
n-disc to itself has a fixed point; see Bondy and Murty (1976).) 


1.3.13 FINITE PROJECTIVE PLANE 
A finite projective plane is a geometric configuration (P, £) in which: 


i) any two points lie on exactly one line, 
ii) any two lines meet in exactly one point, 
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iii) there are four points no three of which lie on a line. 


(Condition (iii) serves only to exclude two trivial configurations — the pencil, in 
which all points are collinear, and the near-pencil, in which all but one of the 
points are collinear.) 


a) Let (P,£) be a finite projective plane. Show that there is an integer n > 2 
such that |P| = |L| = n? +n +1, each point lies on n +1 lines, and each line 
contains n+ 1 points (the instance n = 2 being the Fano plane). This integer 
n is called the order of the projective plane. 

b) How many vertices has the incidence graph of a finite projective plane of order 
n, and what are their degrees? 


1.3.14 Consider the nonzero vectors in F3, where F = GF(q) and q is a prime 
power. Define two of these vectors to be equivalent if one is a multiple of the 
other. One can form a finite projective plane (P,£) of order q by taking as points 
and lines the (q? — 1)/(q—1) = q? +q+ 1 equivalence classes defined by this 
equivalence relation and defining a point (a,b,c) and line (2, y, z) to be incident if 
ax + by + cz = 0 (in GF(q)). This plane is denoted PG» q. 


a) Show that PG 2.2 is isomorphic to the Fano plane. 
b) Construct PG2 3. 


1.3.15 THE DE BRUIJN-ERDOS THEOREM 


a) Let G[X,Y] be a bipartite graph, each vertex of which is joined to at least 
one, but not all, vertices in the other part. Suppose that d(a) > d(y) for all 
«zy ¢ E. Show that |Y| > |X|, with equality if and only if d(x) = d(y) for all 
cy¢Ewithae X andyeY. 

b) Deduce the following theorem. 

Let (P, £) be a geometric configuration in which any two points lie on exactly 

one line and not all points lie on a single line. Then |£| > |P|. Furthermore, if 

|L| = |P|, then (P, £) is either a finite projective plane or a near-pencil. 
(N.G. DE BRUIJN AND P. ERDOs) 


1.3.16 Show that: 


a) the line graphs L(K,,), n > 4, and L(Ky»), n > 2, are strongly regular, 

b) the Shrikhande graph, displayed in Figure 1.21 (where vertices with the same 
label are to be identified), is strongly regular, with the same parameters as 
those of L(44), but is not isomorphic to L(/‘4,4). 


1.3.17 


a) Show that: 
i) Aut(L(K,,)) 4 Aut(K,,) for n = 2 and n= 4, 
ii) Aut(L(K,,)) = Aut(K,,) for n = 3 and n> 5. 
b) Appealing to Exercises 1.2.11 and 1.3.2, deduce that the automorphism group 
of the Petersen graph is isomorphic to the symmetric group S5. 


28 1 Graphs 


00 10 20 30 00 


03 Al 

02 7] 02 

01 01 
$679 6 


00 10 20 30 00 


Fig. 1.21. An embedding of the Shrikhande graph on the torus 


1.3.18 CAYLEY GRAPH 

Let I’ be a group, and let S be a set of elements of I not including the identity 
element. Suppose, furthermore, that the inverse of every element of S also belongs 
to S. The Cayley graph of I with respect to S is the graph CG(I, S) with vertex 
set I’ in which two vertices x and y are adjacent if and only if zy~' € S. (Note 
that, because S' is closed under taking inverses, if ry~!' € S, then yx! € S.) 


a) Show that the n-cube is a Cayley graph. 
b) Let G be a Cayley graph CG(I, S) and let x be an element of I. 
i) Show that the mapping a, defined by the rule that a,(y) := wy is an 
automorphism of G. 
ii) Deduce that every Cayley graph is vertex-transitive. 
c) By considering the Petersen graph, show that not every vertex-transitive graph 
is a Cayley graph. 


1.3.19 CIRCULANT 
A circulant is a Cayley graph CG(Z,, S), where Z,, is the additive group of integers 
modulo n. Let p be a prime, and let i and 7 be two nonzero elements of Zp. 


a) Show that CG(Zp, {i, -i}) = CG(Zp, {7, —Jj}). 
b) Determine when CG(Z,, {1,—1,7,—i}) = CG(Z,, {1, —1, 7, —3}). 


1.3.20 PALEY GRAPH 

Let g be a prime power, g = 1 (mod 4). The Paley graph PG, is the graph whose 
vertex set is the set of elements of the field GF(q), two vertices being adjacent if 
their difference is a nonzero square in GF‘(q). 


a) Draw PGs, PGog, and PGis. 

b) Show that these three graphs are self-complementary. 

c) Let a be a nonsquare in GF(q). By considering the mapping 6 : GF(q) — 
GF(q) defined by 6() := ax, show that PG, is self-complementary for all g. 
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1.4 Constructing Graphs from Other Graphs 


We have already seen a couple of ways in which we may associate with each graph 
another graph: the complement (in the case of simple graphs) and the line graph. 
If we start with two graphs G and H rather than just one, a new graph may be 
defined in several ways. For notational simplicity, we assume that G and H are 
simple, so that each edge is an unordered pair of vertices; the concepts described 
here can be extended without difficulty to the general context. 


UNION AND INTERSECTION 


Two graphs are disjoint if they have no vertex in common, and edge-disjoint if 
they have no edge in common. The most basic ways of combining graphs are by 
union and intersection. The union of simple graphs G and H is the graph GU H 
with vertex set V(G) UV(#) and edge set E(G) UE(#). If G and H are disjoint, 
we refer to their union as a disjoint union, and generally denote it by G+ H. 
These operations are associative and commutative, and may be extended to an 
arbitrary number of graphs. It can be seen that a graph is disconnected if and 
only if it is a disjoint union of two (nonnull) graphs. More generally, every graph 
G may be expressed uniquely (up to order) as a disjoint union of connected graphs 
(Exercise 1.4.1). These graphs are called the connected components, or simply the 
components, of G. The number of components of G is denoted c(G). (The null 
graph has the anomalous property of being the only graph without components.) 

The intersection GM H of G and H is defined analogously. (Note that when 
G and H are disjoint, their intersection is the null graph.) Figure 1.22 illustrates 
these concepts. The graph GU H shown in Figure 1.22 has just one component, 
whereas the graph GNM H has two components. 
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Fig. 1.22. The union and intersection of two graphs 


CARTESIAN PRODUCT 


There are also several ways of forming from two graphs a new graph whose vertex 
set is the cartesian product of their vertex sets. These constructions are conse- 
quently referred to as ‘products’. We now describe one of them. 
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The cartesian product of simple graphs G and H is the graph G 0 H whose 
vertex set is V(G) x V(H) and whose edge set is the set of all pairs (wi, v1) (ua, v2) 
such that either ujug € E(G) and v1 = va, or vivo € E(H) and uw, = ug. Thus, 
for each edge u ,u2 of G and each edge v; v2 of H, there are four edges in GU H, 
namely (w1,01)(U2, V1), (U1, V2)(U2, V2), (U1, ¥1)(U1, V2), and (u2,V1)(u2, U2) (see 
Figure 1.23a); the notation used for the cartesian product reflects this fact. More 
generally, the cartesian product P,, O P, of two paths is the (m x n)-grid. An 
example is shown in Figure 1.23b. 


ve (U1, V2) (uz, v2) 
oO O- 
V1. (u1, v1) (u2, V1) 


(a) (b) 


Fig. 1.23. (a) The cartesian product Ky 0 Ko, and (b) the (5 x 4)-grid 


For n > 3, the cartesian product C,, 0 K2 is a polyhedral graph, the n-prism; 
the 3-prism, 4-prism, and 5-prism are commonly called the triangular prism, the 
cube, and the pentagonal prism (see Figure 1.24). The cartesian product is arguably 
the most basic of graph products. There exist a number of others, each arising 
naturally in various contexts. We encounter several of these in later chapters. 


Fig. 1.24. The triangular and pentagonal prisms 
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Exercises 


1.4.1 Show that every graph may be expressed uniquely (up to order) as a disjoint 
union of connected graphs. 


1.4.2 Show that the rank over GF(2) of the incidence matrix of a graph G is n—c. 


1.4.3 Show that the cartesian product is both associative and commutative. 


1.4.4 Find an embedding of the cartesian product C,, Cy, on the torus. 


1.4.5 


a) Show that the cartesian product of two vertex-transitive graphs is vertex- 
transitive. 

b) Give an example to show that the cartesian product of two edge-transitive 
graphs need not be edge-transitive. 


1.4.6 


a) Let G be a self-complementary graph and let P be a path of length three 
disjoint from G. Form a new graph H from GU P by joining the first and third 
vertices of P to each vertex of G. Show that H is self-complementary. 

b) Deduce (by appealing to Exercise 1.2.16) that there exists a self-complementary 
graph on n vertices if and only if n = 0,1 (mod 4). 


1.5 Directed Graphs 


Although many problems lend themselves to graph-theoretic formulation, the con- 
cept of a graph is sometimes not quite adequate. When dealing with problems 
of traffic flow, for example, it is necessary to know which roads in the network 
are one-way, and in which direction traffic is permitted. Clearly, a graph of the 
network is not of much use in such a situation. What we need is a graph in which 
each link has an assigned orientation, namely a directed graph. 

Formally, a directed graph D is an ordered pair (V(D), A(D)) consisting of a set 
V :=V(D) of vertices and a set A:= A(D), disjoint from V(D), of arcs, together 
with an incidence function Wp that associates with each arc of D an ordered pair 
of (not necessarily distinct) vertices of D. If a is an arc and wWp(a) = (u,v), then 
a is said to join u to v; we also say that u dominates v. The vertex wu is the 
tail of a, and the vertex v its head; they are the two ends of a. Occasionally, the 
orientation of an arc is irrelevant to the discussion. In such instances, we refer to 
the arc as an edge of the directed graph. The number of arcs in D is denoted by 
a(D). The vertices which dominate a vertex v are its in-neighbours, those which 
are dominated by the vertex its outneighbours. These sets are denoted by Nj (v) 
and Nj (v), respectively. 


32 1 Graphs 


For convenience, we abbreviate the term ‘directed graph’ to digraph. A strict 
digraph is one with no loops or parallel arcs (arcs with the same head and the 
same tail). 

With any digraph D, we can associate a graph G on the same vertex set 
simply by replacing each arc by an edge with the same ends. This graph is the 
underlying graph of D, denoted G(D). Conversely, any graph G can be regarded as 
a digraph, by replacing each of its edges by two oppositely oriented arcs with the 
same ends; this digraph is the associated digraph of G, denoted D(G). One may 
also obtain a digraph from a graph G by replacing each edge by just one of the two 
possible arcs with the same ends. Such a digraph is called an orientation of G. We 
occasionally use the symbol G to specify an orientation of G (even though a graph 
generally has many orientations). An orientation of a simple graph is referred to 
as an oriented graph. One particularly interesting instance is an orientation of a 
complete graph. Such an oriented graph is called a tournament, because it can be 
viewed as representing the results of a round-robin tournament, one in which each 
team plays every other team (and there are no ties). 

Digraphs, like graphs, have a simple pictorial representation. A digraph is rep- 
resented by a diagram of its underlying graph together with arrows on its edges, 
each arrow pointing towards the head of the corresponding arc. The four unlabelled 
tournaments on four vertices are shown in Figure 1.25 (see Exercise 1.5.3a). 
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Fig. 1.25. The four unlabelled tournaments on four vertices 


Every concept that is valid for graphs automatically applies to digraphs too. 
For example, the degree of a vertex v in a digraph D is simply the degree of v in 
G(D), the underlying graph of D.1 Likewise, a digraph is said to be connected if 
its underlying graph is connected.? But there are concepts in which orientations 
play an essential role. For instance, the indegree dp(v) of a vertex v in D is the 
number of arcs with head v, and the outdegree dj(v) of v is the number of arcs 
with tail v. The minimum indegree and outdegree of D are denoted by 6 (D) 
and 5*(D), respectively; likewise, the maximum indegree and outdegree of D are 


' In such cases, we employ the same notation as for graphs (with G replaced by D). 
Thus the degree of v in D is denoted by dp(v). These instances of identical notation 
are recorded only once in the glossaries, namely for graphs. 

? The index includes only those definitions for digraphs which differ substantively from 
their analogues for graphs. Thus the term ‘connected digraph’ does not appear there, 
only ‘connected graph’. 
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denoted A~(D) and A*(D), respectively. A digraph is k-diregular if each indegree 
and each outdegree is equal to k. A vertex of indegree zero is called a source, one 
of outdegree zero a sink. A directed path or directed cycle is an orientation of a 
path or cycle in which each vertex dominates its successor in the sequence. There 
is also a notion of connectedness in digraphs which takes directions into account, 
as we shall see in Chapter 2. 

Two special digraphs are shown in Figure 1.26. The first of these is a 2-diregular 
digraph, the second a 3-diregular digraph (see Bondy (1978)); we adopt here the 
convention of representing two oppositely oriented arcs by an edge. These digraphs 
can both be constructed from the Fano plane (Exercise 1.5.9). They also possess 
other unusual properties, to be described in Chapter 2. 


Fig. 1.26. (a) the Koh—Tindell digraph, and (b) a directed analogue of the Petersen 
graph 


Further examples of interesting digraphs can be derived from other mathemat- 
ical structures, such as groups. For example, there is a natural directed analogue 
of a Cayley graph. If I is a group, and S a subset of I” not including the iden- 
tity element, the Cayley digraph of I’ with respect to S is the digraph, denoted 
CD(I,S), whose vertex set is [ and in which vertex x dominates vertex y if and 
only if zy~! € S. A directed circulant is a Cayley digraph CD(Z,,, 9), where Z, 
is the group of integers modulo n. The Koh-Tindell digraph of Figure 1.26a is a 
directed circulant based on Z7. 

With each digraph D, one may associate another digraph, D, obtained by 
reversing each arc of D. The digraph D is called the converse of D. Because the 
converse of the converse is just the original digraph, the converse of a digraph can 
be thought of as its ‘directional dual’. This point of view gives rise to a simple yet 
useful principle. 


PRINCIPLE OF DIRECTIONAL DUALITY 

Any statement about a digraph has an accompanying ‘dual’ statement, obtained by 
applying the statement to the converse of the digraph and reinterpreting it in terms 
of the original digraph. 
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For instance, the sum of the indegrees of the vertices of a digraph is equal to 
the total number of arcs (Exercise 1.5.2). Applying the Principle of Directional 
Duality, we immediately deduce that the sum of the outdegrees is also equal to 
the number of arcs. 

Apart from the practical aspect mentioned earlier, assigning suitable orienta- 
tions to the edges of a graph is a convenient way of exploring properties of the 
graph, as we shall see in Chapter 6. 


Exercises 


1.5.1 How many orientations are there of a labelled graph G? 
*1.5.2 Let D be a digraph. 


a) Show that )o,¢y d (uv) =m. 
b) Using the Principle of Directional Duality, deduce that }>,-y dt (v) =m. 


1.5.3 Two digraphs D and D’ are isomorphic, written D & D’, if there are bijec- 
tions 0: V(D) > V(D’) and ¢@: A(D) — A(D’) such that wp(a) = (u,v) if and 
only if wp-((a)) = (0(u), 0(v)). Such a pair of mappings is called an isomorphism 
between D and D’. 


a) Show that the four tournaments in Figure 1.25 are pairwise nonisomorphic, 
and that these are the only ones on four vertices, up to isomorphism. 
b) How many tournaments are there on five vertices, up to isomorphism? 


1.5.4 


a) Define the notions of vertex-transitivity and arc-transitivity for digraphs. 
b) Show that: 
i) every vertex-transitive digraph is diregular, 
ii) the Koh—Tindell digraph (Figure 1.26a) is vertex-transitive but not arc- 
transitive. 


1.5.5 A digraph is self-converse if it is isomorphic to its converse. Show that both 
digraphs in Figure 1.26 are self-converse. 


1.5.6 INCIDENCE MATRIX OF A DIGRAPH 

Let D be a digraph with vertex set V and arc set A. The incidence matrix of 
D (with respect to given orderings of its vertices and arcs) is the n x m matrix 
Mp := (mya), where 


1 if arc a is a link and vertex v is the tail of a 
Mya = « —1 if arc a is a link and vertex v is the head of a 
0 otherwise 


Let M be the incidence matrix of a connected digraph D. Show that the rank of 
Misn—1. 
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«1.5.7 TOTALLY UNIMODULAR MATRIX 
A matrix is totally unimodular if each of its square submatrices has determinant 
equal to 0, +1, or —1. Let M be the incidence matrix of a digraph. 


a) Show that M is totally unimodular. (H. POINCARE) 
b) Deduce that the matrix equation Mx = b has a solution in integers provided 
that it is consistent and the vector b is integral. 


ee 


1.5.8 BALANCED DIGRAPH 
A digraph D is balanced if |d*(v) — d~(v)| < 1, for all v € V. Show that every 
graph has a balanced orientation. 


1.5.9 Describe how the two digraphs in Figure 1.26 can be constructed from the 
Fano plane. 


1.5.10 PALEY TOURNAMENT 

Let q be a prime power, g = 3 (mod 4). The Paley tournament PT, is the tourna- 
ment whose vertex set is the set of elements of the field GF(q), vertex i dominating 
vertex j if and only if 7 — i is a nonzero square in GF(q). 


a) Draw PTs, PTy, and PT 41. 
b) Show that these three digraphs are self-converse. 


1.5.11 STOCKMEYER TOURNAMENT 

For a nonzero integer k, let pow(k) denote the greatest integer p such that 2? 
divides k, and set odd (k) := k/2?. (For example, pow (12) = 2 and odd (12) = 3, 
whereas pow (—1) = 0 and odd(—1) = —1.) The Stockmeyer tournament ST, 
where n > 1, is the tournament whose vertex set is {1,2,3,...,2"} in which 
vertex i dominates vertex j if odd (j — 7) = 1(mod4). 


a) Draw ST> and ST3. 
b) Show that ST}, is both selfconverse and asymmetric (that is, has no nontrivial 
automorphisms). (P.K. STOCKMEYER) 


1.5.12 ARC-TRANSITIVE GRAPH 

An undirected graph G is arc-transitive if its associated digraph D(G) is arc- 
transitive. (Equivalently, G' is arc-transitive if, given any two ordered pairs (a, y) 
and (u,v) of adjacent vertices, there exists an automorphism of G which maps 
(x,y) to (u,v).) 


a) Show that any graph which is arc-transitive is both vertex-transitive and edge- 
transitive. 

b) Let G bea k-regular graph which is both vertex-transitive and edge-transitive, 
but not arc-transitive. Show that k is even. (An example of such a graph with 
k = 4 may be found in Godsil and Royle (2001).) 
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1.5.13 ADJACENCY MATRIX OF A DIGRAPH 

The adjacency matrix of a digraph D is the nx n matrix Ap = (du), where Quy is 
the number of arcs in D with tail u and head v. Let A be the adjacency matrix of 
a tournament on n vertices. Show that rank A = n—1 if n is odd and rank A = n 
if n is even. 


1.6 Infinite Graphs 


As already mentioned, the graphs studied in this book are assumed to be finite. 
There is, however, an extensive theory of graphs defined on infinite sets of ver- 
tices and/or edges. Such graphs are known as infinite graphs. An infinite graph 
is countable if both its vertex and edge sets are countable. Figure 1.27 depicts 
three well-known countable graphs, the square lattice, the triangular lattice, and 
the hexagonal lattice. 


Fig. 1.27. The square, triangular and hexagonal lattices 


Most notions that are valid for finite graphs are either directly applicable to 
infinite graphs or else require some simple modification. Whereas the definition of 
the degree of a vertex is essentially the same as for finite graphs (with ‘number’ 
replaced by ‘cardinality’), there are two types of infinite path, one having an initial 
but no terminal vertex (called a one-way infinite path), and one having neither 
initial nor terminal vertices (called a two-way infinite path); the square lattice is 
the cartesian product of two two-way infinite paths. However, certain concepts for 
finite graphs have no natural ‘infinite’ analogue, the cycle for instance (although, 
in some circumstances, a two-way infinite path may be regarded as an infinite 
cycle). 

While the focus of this book is on finite graphs, we include occasional remarks 
and exercises on infinite graphs, mainly to illustrate the differences between finite 
and infinite graphs. Readers interested in pursuing the topic are referred to the 
survey article by Thomassen (1983a) or the book by Diestel (2005), which includes 
a chapter on infinite graphs. 
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Exercises 


1.6.1 LOCALLY FINITE GRAPH 
An infinite graph is locally finite if every vertex is of finite degree. Give an example 
of a locally finite graph in which no two vertices have the same degree. 


1.6.2 For each positive integer d, describe a simple infinite planar graph with 
minimum degree d. (We shall see, in Chapter 10, that every simple finite planar 
graph has a vertex of degree at most five.) 


dv 
1.6.3 Give an example of a self-complementary infinite graph. 


1.6.4 UNIT DISTANCE GRAPH 

The unit distance graph on a subset V of R? is the graph with vertex set V in 
which two vertices (71, y1) and (x2, y2) are adjacent if their euclidean distance is 
equal to 1, that is, if (71 — v2)? + (yi — y2)? = 1. When V = Q?’, this graph is 
called the rational unit distance graph, and when V = R?, the real unit distance 
graph. (Note that these are both infinite graphs.) 


a) Let V be a finite subset of the vertex set of the infinite 2-dimensional integer 
lattice (see Figure 1.27), and let d be an odd positive integer. Denote by G' the 
graph with vertex set V in which two vertices (#1, y1) and (x2, y2) are adjacent 
if their euclidean distance is equal to d. Show that G is bipartite. 

b) Deduce that the rational unit distance graph is bipartite. 

c) Show, on the other hand, that the real unit distance graph is not bipartite. 


1.7 Related Reading 


HISTORY OF GRAPH THEORY 


An attractive account of the history of graph theory up to 1936, complete with 
annotated extracts from pivotal papers, can be found in Biggs et al. (1986). The 
first book on graph theory was published by Konig (1936). It led to the develop- 
ment of a strong school of graph theorists in Hungary which included P. Erdés and 
T. Gallai. Also in the thirties, H. Whitney published a series of influential articles 
(see Whitney (1992)). 

As with every branch of mathematics, graph theory is best learnt by doing. 
The book Combinatorial Problems and Exercises by Lovasz (1993) is highly rec- 
ommended as a source of stimulating problems and proof techniques. A general 
guide to solving problems in mathematics is the very readable classic How to Solve 
It by Pélya (2004). The delightful Proofs from the Book by Aigner and Ziegler 
(2004) is a compilation of beautiful proofs in mathematics, many of which treat 
combinatorial questions. 


2 


Subgraphs 
Contents 
2.1 Subgraphs and Supergraphs ............... cece eens 40 
EDGE AND VERTEX DELETION .......... 0000 cece eee uaeee 40 
MAXIMALITY AND MINIMALITY ........00 0000 cece eee ee eee 41 
ACYCLIC GRAPHS AND DIGRAPHS....... 0.0.00 e eee e ees 42 
PROOF TECHNIQUE: THE PIGEONHOLE PRINCIPLE......... 43 
2.2 Spanning and Induced Subgraphs.................. 46 
SPANNING SUBGRAPHS.... 0... ccc eee cence een 46 
PROOF TECHNIQUE: INDUCTION ........ 0.000 cee cece neces 48 
PROOF TECHNIQUE: CONTRADICTION .........000 cee eeeee 49 
INDUCED: SUBGRAPHS: 2 2as:5.0.2.5 b08 oa ete ae ne Pas ee 49 
WEIGHTED GRAPHS AND SUBGRAPHS ..........000 cee eee 50 
2.3 Modifying Graphs ......... 0. cece eee eee eee ee eens 54 
VERTEX IDENTIFICATION AND EDGE CONTRACTION ........ 55 
VERTEX SPLITTING AND EDGE SUBDIVISION ............6. 55 
2.4 Decompositions and Coverings .............eeeeeee 56 
DRCOMPOSITIONS: 223.4 432440045 h20e8ds80ne Plast een seseas 56 
PROOF TECHNIQUE: LINEAR INDEPENDENCE ............5. 57 
COVERINGS 2.453 40662405 ca4n bediedadee ded aeee dace ee 58 
2.5 Edge Cuts and Bonds........... ccc cee eee ewer eee 59 
EDGE CUTS iss.204 + ceGed Seabees dead oka eee 59 
IS ONS i565 nie anh A a. dob ce ad dhege ted dtadenione. decedankaas Seaseanechacreutibos 62 
CUTS IN DIRECTED GRAPHS ....... 0.000 cece eee ene 62 
2.6 Even Subgraphss ee sis.6 sieved ac sereve a aieosia etre eee 66 6:8 wears 64 
THE CYCLE AND BOND SPACES ........00 000s eee n eee eeee 65 
2.7 Graph Reconstruction .......... 0. c ee eee eee eee eee 66 
THE RECONSTRUCTION CONJECTURE.........00000e ee eeee 67 
THE EDGE RECONSTRUCTION CONJECTURE..........00005 68 
PROOF TECHNIQUE: MOBIUS INVERSION ............00005: 68 
2.8 Related Reading... 56.5 c ae eencene ee edie je sere ee 76 
PATH AND CYCLE DECOMPOSITIONS .........0000 cece eee 76 
LEGITIMATE DECKS 's4 6 a.08 seeker dee eee a edaaaadvavaeta 76 


ULTRAHOMOGENEOUS GRAPHS ...... 0.00 e cece eee eee 77 


40 2 Subgraphs 
2.1 Subgraphs and Supergraphs 


EDGE AND VERTEX DELETION 


Given a graph G, there are two natural ways of deriving smaller graphs from G. 
If e is an edge of G, we may obtain a graph on m — 1 edges by deleting e from 
G but leaving the vertices and the remaining edges intact. The resulting graph is 
denoted by G \ e. Similarly, if v is a vertex of G, we may obtain a graph on n — 1 
vertices by deleting from G the vertex v together with all the edges incident with 
v. The resulting graph is denoted by G — v. These operations of edge deletion and 
vertex deletion are illustrated in Figure 2.1. 
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Fig. 2.1. Edge-deleted and vertex-deleted subgraphs of the Petersen graph 


The graphs G \ e and G — v defined above are examples of subgraphs of G'. We 
call G \ e an edge-deleted subgraph, and G — v a vertex-deleted subgraph. More 
generally, a graph F is called a subgraph of a graph G if V(F) C V(G), E(F) C 
E(G), and wr is the restriction of Wg to E(F’). We then say that G contains F or 
that F' is contained in G, and write G D F or F' C G, respectively. Any subgraph 
F of G can be obtained by repeated applications of the basic operations of edge 
and vertex deletion; for instance, by first deleting the edges of G not in F’ and 
then deleting the vertices of G not in F. Note that the null graph is a subgraph 
of every graph. 

We remark in passing that in the special case where G is vertex-transitive, all 
vertex-deleted subgraphs of G are isomorphic. In this case, the notation G — v is 
used to denote any vertex-deleted subgraph. Likewise, we write G \ e to denote 
any edge-deleted subgraph of an edge-transitive graph G. 

A copy of a graph F in a graph G is a subgraph of G which is isomorphic 
to F’. Such a subgraph is also referred to as an F'-subgraph of G; for instance, a 
43-subgraph is a triangle in the graph. An embedding of a graph F in a graph G 
is an isomorphism between F' and a subgraph of G. For each copy of F' in G, there 
are aut(F') embeddings of F' in G. 

A supergraph of a graph G is a graph H which contains G as a subgraph, that 
is, H > G. Note that any graph is both a subgraph and a supergraph of itself. 
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All other subgraphs F' and supergraphs H are referred to as proper; we then write 
F CGor H 5G, respectively. 

The above definitions apply also to digraphs, with the obvious modifications. 

In many applications of graph theory, one is interested in determining if a 
given graph has a subgraph or supergraph with prescribed properties. The theo- 
rem below provides a sufficient condition for a graph to contain a cycle. In later 
chapters, we study conditions under which a graph contains a long path or cycle, or 
a complete subgraph of given order. Although supergraphs with prescribed prop- 
erties are encountered less often, they do arise naturally in the context of certain 
applications. One such is discussed in Chapter 16 (see also Exercises 2.2.17 and 
2.2.24). 


Theorem 2.1 Let G be a graph in which all vertices have degree at least two. Then 
G contains a cycle. 


Proof If G has a loop, it contains a cycle of length one, and if G has parallel 
edges, it contains a cycle of length two. So we may assume that G is simple. 

Let P := vov,...Up—1UxK be a longest path in G. Because the degree of vy; is 
at least two, it has a neighbour v different from v,z_1. If v is not on P, the path 
UpU, ---Up—1UpU contradicts the choice of P as a longest path. Therefore, v = uj, 
for some i, 0 <i< k—2, and v;vj41...vRv; is a cycle in G. 


MAXIMALITY AND MINIMALITY 


The proof of Theorem 2.1 proceeded by first selecting a longest path in the graph, 
and then finding a cycle based on this path. Of course, from a purely mathematical 
point of view, this is a perfectly sound approach. The graph, being finite, must 
certainly have a longest path. However, if we wished to actually find a cycle in our 
graph by tracing through the steps of the proof, we would first have to find such a 
path, and this turns out to be a very hard task in general (in a sense to be made 
precise in Chapter 8). Fortunately, the very same proof remains valid if ‘longest 
path’ is replaced by ‘maximal path’, a maximal path being one that cannot be 
extended to a longer path from either end. Moreover, a maximal path is easily 
found: one simply starts at any vertex and grows a path until it can no longer 
be extended either way. For reasons such as this, the concepts of maximality and 
minimality (of subgraphs) turn out to be rather important. 

Let F be a family of subgraphs of a graph G. A member F' of F is maximal 
in F if no member of F properly contains F; likewise, F is minimal in F if no 
member of F is properly contained in Ff. When F consists of the set of all paths 
of G, we simply refer to a maximal member of F as a maximal path of G. We use 
similar terminology for describing maximal and minimal members of other special 
families of subgraphs. For instance, when F is the set of all connected subgraphs 
of G, the maximal members of F are simply its components (Exercise 2.1.1). 
Similarly, because an odd cycle is not bipartite, but each of its proper subgraphs 
is bipartite (Exercise 1.1.3), the odd cycles of a graph are its minimal nonbipartite 
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subgraphs (see Figure 2.2b). Indeed, as we shall see, the odd cycles are the only 
minimal nonbipartite subgraphs. 


Fig. 2.2. (a) A maximal path, (b) a minimal nonbipartite subgraph, and (c) a maximal 
bipartite subgraph 


The notions of maximality and minimality should not be confused with those 
of maximum and minimum cardinality. Every cycle in a graph is a maximal cycle, 
because no cycle is contained in another; by the same token, every cycle is a 
minimal cycle. On the other hand, by a maximum cycle of a graph we mean one 
of maximum length, that is, a longest cycle, and by a minimum cycle we mean 
one of minimum length. In a graph G which has at least one cycle, the length of a 
longest cycle is called its circumference and the length of a shortest cycle its girth. 


ACYCLIC GRAPHS AND DIGRAPHS 


A graph is acyclic if does not contain a cycle. It follows from Theorem 2.1 that an 
acyclic graph must have a vertex of degree less than two. In fact, every nontrivial 
acyclic graph has at least two vertices of degree less than two (Exercise 2.1.2). 

Analogously, a digraph is acyclic if it has no directed cycle. One particularly 
interesting class of acyclic digraphs are those associated with partially ordered sets. 
A partially ordered set, or for short poset, is an ordered pair P = (X, <), where 
X is a set and ~< is a partial order on X, that is, an irreflexive, antisymmetric, 
and transitive binary relation. Two elements u and v of X are comparable if either 
u < vor v ~< u, and incomparable otherwise. A set of pairwise comparable elements 
in P is a chain, a set of pairwise incomparable elements an antichain. 

One can form a digraph D := D(P) from a poset P = (X,~) by taking 
X as the set of vertices, (u,v) being an arc of D if and only if u ~< v. This 
digraph is acyclic and transitive, where transitive here means that (u,w) is an arc 
whenever both (u,v) and (v, w) are arcs. (It should be emphasized that, despite its 
name, this notion of transitivity in digraphs has no connection whatsoever with the 
group-theoretic notions of vertex-transitivity and edge-transitivity defined earlier.) 
Conversely, to every strict acyclic transitive digraph D there corresponds a poset 
P on the vertex set of D. An acyclic tournament is frequently referred to as a 
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transitive tournament. It can be seen that chains in P correspond to transitive 
subtournaments of D. 


PROOF TECHNIQUE: THE PIGEONHOLE PRINCIPLE 


If n+ 1 letters are distributed among n pigeonholes, at least two of them will 
end up in the same pigeonhole. This is known as the Pigeonhole Principle, 
and is a special case of a simple statement concerning multisets (sets with 
repetitions allowed) of real numbers. 

Let S = (a1, 4@2,...,@n) be a multiset of real numbers and let a denote their 
average. Clearly, the minimum of the a; is no larger than a, and the maximum 
of the a; is at least as large as a. Thus, if all the elements of S are integers, 
we may assert that there is an element that is no larger than |a|, and also 
one that is at least as large as [a]. The Pigeonhole Principle merely amounts 
to saying that if nm integers sum to n+ 1 or more, one of them is at least 
[(n+ 1)/n] = 2. 

Exercise 1.1.6a is a simple example of a statement that can be proved by 
applying this principle. As a second application, we establish a sufficient con- 
dition for the existence of a quadrilateral in a graph, due to Reiman (1958). 
Theorem 2.2 Any simple graph G with Do ey (4) > (5) contains a quadri- 
lateral. 


Proof Denote by pz the number of paths of length two in G, and by po(v) 
the number of such paths whose central vertex is v. Clearly, po(v) = (20), 
As each path of length two has a unique central vertex, po = )) cy po(v) = 


ev ese On the other hand, each such path also has a unique pair of ends. 


Therefore the set of all paths of length two can be partitioned into (5) subsets 
according to their ends. The hypothesis ><) (4@)) > (3) now implies, by 
virtue of the Pigeonhole Principle, that one of these subsets contains two or 
more paths; that is, there exist two paths of length two with the same pair of 


ends. The union of these paths is a quadrilateral. 


Exercises 


*2.1.1 Show that the maximal connected subgraphs of a graph are its components. 


*2.1.2 


a) Show that every nontrivial acyclic graph has at least two vertices of degree 
less than two. 

b) Deduce that every nontrivial connected acyclic graph has at least two vertices 
of degree one. When does equality hold? 
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2.1.3 


a) Show that if m > n, then G contains a cycle. 
b) For each positive integer n, find an acyclic graph with n vertices and n — 1 
edges. 


2.1.4 


a) Show that every simple graph G contains a path of length 0. 
b) For each k > 0, find a simple graph G with 6 = k which contains no path of 
length greater than k. 


2.1.5 


a) Show that every simple graph G with 6 > 2 contains a cycle of length at least 
6+1. 

b) For each k > 2, find a simple graph G' with 6 = k which contains no cycle of 
length greater than k + 1. 


2.1.6 Show that every simple graph has a vertex x and a family of |4d(«)| cycles 
any two of which meet only in the vertex «x. 


2.1.7 


a) Show that the Petersen graph has girth five and circumference nine. 
b) How many cycles are there of length k in this graph, for 5 < k < 9? 


2.1.8 


a) Show that a k-regular graph of girth four has at least 2k vertices. 
b) For k > 2, determine all k-regular graphs of girth four on exactly 2k vertices. 


2.1.9 


a) Show that a k-regular graph of girth five has at least k? + 1 vertices. 
b) Determine all k-regular graphs of girth five on exactly k? +1 vertices, k = 2,3. 


2.1.10 Show that the incidence graph of a finite projective plane has girth six. 


*2.1.11 A topological sort of a digraph D is an linear ordering of its vertices such 
that, for every arc a of D, the tail of a precedes its head in the ordering. 


a) Show that every acyclic digraph has at least one source and at least one sink. 
b) Deduce that a digraph admits a topological sort if and only if it is acyclic. 


2.1.12 Show that every strict acyclic digraph contains an arc whose reversal results 
in an acyclic digraph. 


2.1.13 Let D be a strict digraph. Setting k := max {6,61}, show that: 


a) D contains a directed path of length at least k, 
b) if k > 0, then D contains a directed cycle of length at least k + 1. 


2.1 Subgraphs and Supergraphs 45 


2.1.14 


a) Let G be a graph all of whose vertex-deleted subgraphs are isomorphic. Show 
that G is vertex-transitive. 

b) Let G be a graph all of whose edge-deleted subgraphs are isomorphic. Is G 
necessarily edge-transitive? 


2.1.15 Using Theorem 2.2 and the Cauchy—Schwarz Inequality', show that a sim- 
ple graph G contains a quadrilateral if m > $n(/4n — 3 + 1). (I. REIMAN) 


ee 


2.1.16 


a) Show that if m > n+ 4, then G contains two edge-disjoint cycles. (L. P6SA) 
b) For each integer n > 5, find a graph with n vertices and n + 3 edges which 
does not contain two edge-disjoint cycles. 


2.1.17 TRIANGLE-FREE GRAPH 

A triangle-free graph is one which contains no triangles. Let G be a simple triangle- 
free graph. 

a) Show that d(x) + d(y) <n for all zy € E. 

b) Deduce that 37 ,<y d(v)? < mn. 

c) Applying the Cauchy—Schwarz Inequality', deduce that m < n?/4. 

(W. MANTEL) 

d) For each positive integer n, find a simple triangle-free graph G with m = 


[n?/4]. 
2.1.18 


a) Let G be a triangle-free graph with 6 > 2n/5. Show that G is bipartite. 
b) For n = 0(mod5), find a nonbipartite triangle-free graph with 6 = 2n/5. 
(B. ANpRASFAI, P. ERDOs, AND V.T. Sos) 


2.1.19 Let G be a simple graph with v(G) = kp and 6(G) > kq. Show that G has 
a subgraph F with v(F’) = p and 0(F) > q. (C.ST.J.A. NASH-WILLIAMS) 


2.1.20 Show that the Kneser graph KG, has no odd cycle of length less than 
n/(n — 2m). 


*2.1.21 Let K,, be a complete graph whose edges are coloured red or blue. Call 
a subgraph of this graph monochromatic if all of its edges have the same colour, 
and bichromatic if edges of both colours are present. 


a) Let v be a vertex of K,,. Show that the number of bichromatic 2-paths in K,, 
whose central vertex is v is at most (n — 1)?/4. When does equality hold? 


2 
+e. ‘Coe aib;) for real numbers aj, b;, 1 <i<n. 
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b) Deduce that the total number of bichromatic 2-paths in K,, is at most n(n — 
1}? fA, 

c) Observing that each bichromatic triangle contains exactly two bichromatic 2- 
paths, deduce that the number of monochromatic triangles in K,, is at least 
n(n — 1)(n — 5)/24. When does equality hold? (A.W. GOoDMAN) 

d) How many monochromatic triangles must there be, at least, when n = 5 and 
when n = 6? 


2.1.22 Let T be a tournament on n vertices, and let v be a vertex of T. 


a) Show that the number of directed 2-paths in T whose central vertex is v is at 
most (n — 1)?/4. When does equality hold? 

b) Deduce that the total number of directed 2-paths in T is at most n(n — 1)?/4. 

c) Observing that each transitive triangle contains exactly one directed 2-path 
and that each directed triangle contains exactly three directed 2-paths, deduce 
that the number of directed triangles in T is at most ee) When does 
equality hold? 


*2.1.23 Let P = (X,<) be a poset. Show that the maximum number of elements 
in a chain of P is equal to the minimum number of antichains into which X can 
be partitioned. (L. Mirsky) 


2.1.24 GEOMETRIC GRAPH 

A geometric graph is a graph embedded in the plane in such a way that each edge 
is a line segment. Let G be a geometric graph in which any two edges intersect 
(possibly at an end). 


a) Show that G has at most n edges. 
b) For each n > 3, find an example of such a graph G with n edges. 
(H. Hopr AND E. PANNWITZ) 
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SPANNING SUBGRAPHS 


A spanning subgraph of a graph G is a subgraph obtained by edge deletions only, 
in other words, a subgraph whose vertex set is the entire vertex set of G. If S' is 
the set of deleted edges, this subgraph of G is denoted G'\ S. Observe that every 
simple graph is a spanning subgraph of a complete graph. 

Spanning supergraphs are defined analogously. The inverse operation to edge 
deletion is edge addition. Adding a set S of edges to a graph G yields a spanning 
supergraph of G, denoted G+ S. By starting with a disjoint union of two graphs 
G and H and adding edges joining every vertex of G to every vertex of H, one 
obtains the join of G and H, denoted GV H. The join C;, V Ky of a cycle C,, anda 
single vertex is referred to as a wheel with n spokes and denoted W,,. (The graph 
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Fig. 2.3. (a) A graph and (b) its underlying simple graph 


H of Figure 1.1 is the wheel W;.) One may also add a set X of vertices to a graph, 
resulting in a supergraph of G denoted G+ X. 

Certain types of spanning subgraph occur frequently in applications of graph 
theory and, for historical reasons, have acquired special names. For example, span- 
ning paths and cycles are called Hamilton paths and Hamilton cycles, respectively, 
and spanning k-regular subgraphs are referred to as k-factors. Rédei’s Theorem 
(Theorem 2.3, see inset) tells us that every tournament has a directed Hamilton 
path. Not every tournament (on three or more vertices) has a directed Hamilton 
cycle, however; for instance, the transitive tournament has no directed cycles at 
all. Nonetheless, Camion (1959) proved that every tournament in which any ver- 
tex can be reached from any other vertex by means of a directed path does indeed 
have a directed Hamilton cycle (Exercise 3.4.12a). 

By deleting from a graph G all loops and, for every pair of adjacent vertices, all 
but one link joining them, we obtain a simple spanning subgraph called the under- 
lying simple graph of G. Up to isomorphism, each graph has a unique underlying 
simple graph. Figure 2.3 shows a graph and its underlying simple graph. 

Given spanning subgraphs F, = (V,F,) and Fy = (V,£2) of a graph G = 
(V, £), we may form the spanning subgraph of G whose edge set is the symmetric 
difference FE, A E> of Ey and E2. This graph is called the symmetric difference of 
F, and F, and denoted F, A Fy. Figure 2.4 shows the symmetric difference of two 
spanning subgraphs of a graph on five vertices. 


€ C 


Fy Fo Fi A Fo 


Fig. 2.4. The symmetric difference of two graphs 
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PROOF TECHNIQUE: INDUCTION 


One of the most widely used proof techniques in mathematics is the Principle 

of Mathematical Induction. Suppose that, for each nonnegative integer i, we 

have a mathematical statement S;. One may prove that all assertions in the 

sequence (.S9,.51,...) are true by: 

> directly verifying So (the basis of the induction), 

> for each integer n > 1, deducing that S;, is true (the inductive step) from 
the assumption that S,,_1 is true (the inductive hypothesis). 


The justification for this technique is provided by the principle that each 
nonempty subset of N has a minimal element: if not all S; were true, the set 
{i € N: S; is false} would be a nonempty subset of N, and would therefore 
have a minimal element n. Thus S,_; would be true and S), false. 


We shall come across many examples of inductive proofs throughout the book. 
Here, as a simple illustration of the technique, we prove a basic theorem on 
tournaments due to Rédei (1934). 


Theorem 2.3. REDEI’S THEOREM 
Every tournament has a directed Hamilton path. 


Proof Clearly, the trivial tournament (on one vertex) has a directed Hamil- 
ton path. Assume that, for some integer n > 2, every tournament on n — 1 
vertices has a directed Hamilton path. Let T be a tournament on n vertices and 
let v € V(T). The digraph T’ := T—v is a tournament on n—1 vertices. By the 
inductive hypothesis, T’ has a directed Hamilton path P’ := (v1, v2,...,Un—1)- 
If (v, v1) is an are of T, the path (v, v1, v2,...,Un—1) is a directed Hamilton 
path of T. Similarly, if (vp-1,v) is an are of T, the path (v1, v2,..-,Un—1,V) 
is a directed Hamilton path of T. Because T is a tournament, v is adjacent to 
each vertex of P’, so we may assume that both (v1,v) and (v,vp—1) are arcs 
of T. It follows that there exists an integer 7, 1 <i < n-—1, such that both 
(v;,v) and (v, vi41) are arcs of T. But now P := (v1,...,0;,U, Vit1,--+,Un—1) 
is a directed Hamilton path of T. 


Inductive proofs may be presented in a variety of ways. The above proof, for 
example, may be recast as a ‘longest path’ proof. We take P to be a longest 
directed path in the tournament 7. Assuming that P is not a directed Hamil- 
ton path, we then obtain a contradiction by showing that T has a directed 
path longer than P (Exercise 2.2.4). 


Graph-theoretical statements generally assert that all graphs belonging to 
some well-defined class possess a certain property. Any ‘proof’ that fails to 
cover all cases is false. This is a common mistake in attempts to prove state- 
ments of this sort by induction. Another common error is neglecting to verify 
the basis of the induction. For an example of how not to use induction, see 
Exercise 2.2.19. 
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PROOF TECHNIQUE: CONTRADICTION 


A common approach to proving graph-theoretical statements is to proceed by 
assuming that the stated assertion is false and analyse the consequences of 
that assumption so as to arrive at a contradiction. As a simple illustration 
of this method, we present an interesting and very useful result due to Erdés 
(1965). 

Theorem 2.4 Every loopless graph G contains a spanning bipartite subgraph 
F such that dp(v) > $dc(v) for allv € V. 


Proof Let G be a loopless graph. Certainly, G has spanning bipartite sub- 
graphs, one such being the empty spanning subgraph. Let F := F[X,Y] bea 
spanning bipartite subgraph of G with the greatest possible number of edges. 
We claim that F satisfies the required property. Suppose not. Then there is 
some vertex v for which 


dr(v) < 5da(v) (2.1) 


Without loss of generality, we may suppose that v € X. Consider the spanning 
bipartite subgraph F’ whose edge set consists of all edges of G with one end 
in X \ {v} and the other in Y U {v}. The edge set of F’ is the same as that 
of F except for the edges of G incident to v; those which were in F' are not 
in F’, and those which were not in F' are in F’. We thus have: 


e(F’) = e(F) — dp(v) + (de(v) — dp(v)) = e(F) + (de(v) — 2dp(v)) > e(F) 


the inequality following from (2.1). But this contradicts the choice of F. It 
follows that F' does indeed have the required property. 


The method of contradiction is merely a convenient way of presenting the 
idea underlying the above proof. Implicit in the proof is an algorithm which 
finds, in any graph, a spanning bipartite subgraph with the stated property: 
one starts with any spanning bipartite subgraph and simply moves vertices 
between parts so as to achieve the desired objective (see also Exercises 2.2.2 
and 2.2.18). 


INDUCED SUBGRAPHS 


A subgraph obtained by vertex deletions only is called an induced subgraph. If X is 
the set of vertices deleted, the resulting subgraph is denoted by G—X. Frequently, 
it is the set Y := V \ X of vertices which remain that is the focus of interest. In 
such cases, the subgraph is denoted by G[Y] and referred to as the subgraph of G 
induced by Y. Thus G[Y] is the subgraph of G whose vertex set is Y and whose 
edge set consists of all edges of G which have both ends in Y. 

The following theorem, due to Erdés (1964/1965), tells us that every graph has 
a induced subgraph whose minimum degree is relatively large. 
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Theorem 2.5 Every graph with average degree at least 2k, where k is a positive 
integer, has an induced subgraph with minimum degree at least k + 1. 


Proof Let G be a graph with average degree d(G) > 2k, and let F’ be an induced 
subgraph of G with the largest possible average degree and, subject to this, the 
smallest number of vertices. We show that 6(F’) > k + 1. This is clearly true if 
v(F) = 1, since then 6(F) = d(F’) > d(G), by the choice of F’. We may therefore 
assume that v(F’) > 1. 

Suppose, by way of contradiction, that dp(v) < k for some vertex v of F. 
Consider the vertex-deleted subgraph F’ := F'—v. Note that F” is also an induced 
subgraph of G. Moreover 


_ 2e(F’) . 2(e(F)—h) . 2e(F) - a(G) . 2e(F) - d(F) 


a ) = aOR) 2 v(F)-1 — vF)-1 ~~ ow(F)-1 =a 


Because u(F£") < v(F’), this contradicts the choice of F’. Therefore 6(F') > k+1. 


The bound on the minimum degree given in Theorem 2.5 is sharp (Exer- 
cise 3.1.6). 

Subgraphs may also be induced by sets of edges. If S is a set of edges, the 
edge-induced subgraph G[S] is the subgraph of G whose edge set is S and whose 
vertex set consists of all ends of edges of S. Any edge-induced subgraph G[S] can 
be obtained by first deleting the edges in FE \ S and then deleting all resulting 
isolated vertices; indeed, an edge-induced subgraph is simply a subgraph without 
isolated vertices. 


WEIGHTED GRAPHS AND SUBGRAPHS 


When graphs are used to model practical problems, one often needs to take into 
account additional factors, such as costs associated with edges. In a communica- 
tions network, for example, relevant factors might be the cost of transmitting data 
along a link, or of constructing a new link between communication centres. Such 
situations are modelled by weighted graphs. 

With each edge e of G, let there be associated a real number w/(e), called its 
weight. Then G, together with these weights on its edges, is called a weighted 
graph, and denoted (G,w). One can regard a weighting w : E — R as a vector 
whose coordinates are indexed by the edge set E of G; the set of all such vectors 
is denoted by R¥ or, when the weights are rational numbers, by Q”. 

If F is a subgraph of a weighted graph, the weight w(F) of F is the sum 
of the weights on its edges, )).¢,_() w(e). Many optimization problems amount 
to finding, in a weighted graph, a subgraph of a certain type with minimum or 
maximum weight. Perhaps the best known problem of this kind is the following 
one. 

A travelling salesman wishes to visit a number of towns and then return to his 
starting point. Given the travelling times between towns, how should he plan his 
itinerary so that he visits each town exactly once and minimizes his total travelling 
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time? This is known as the Travelling Salesman Problem. In graph-theoretic terms, 
it can be phrased as follows. 


Problem 2.6 THE TRAVELLING SALESMAN PROBLEM (TSP) 
GIVEN: a weighted complete graph (G,w), 
FIND: a minimum-weight Hamilton cycle of G. 


Note that it suffices to consider the TSP for complete graphs because nonad- 
jacent vertices can be joined by edges whose weights are prohibitively high. We 
discuss this problem, and others of a similar flavour, in Chapters 6 and 8, as well 
as in later chapters. 


Exercises 


2.2.1 Let G be a graph on n vertices and m edges and c components. 


a) How many spanning subgraphs has G? 
b) How many edges need to be added to G to obtain a connected spanning su- 
pergraph? 


*2.2.2 


a) Deduce from Theorem 2.4 that every loopless graph G contains a spanning 
bipartite subgraph F with e(F) > $e(G). 

b) Describe an algorithm for finding such a subgraph by first arranging the ver- 
tices in a linear order and then assigning them, one by one, to either X or Y, 


using a simple rule. 


2.2.3 Determine the number of 1-factors in each of the following graphs: (a) the 
Petersen graph, (b) the pentagonal prism, (c) Kon, (d) Kn. 


2.2.4 Give a proof of Theorem 2.3 by means of a longest path argument. 
(D. KONIG AND P. VERESS) 


2.2.5 


a) Show that every Hamilton cycle of the k-prism uses either exactly two consec- 
utive edges linking the two k-cycles or else all of them. 
b) How many Hamilton cycles are there in the pentagonal prism? 


2.2.6 Show that there is a Hamilton path between two vertices in the Petersen 
graph if and only if these vertices are nonadjacent. 


2.2.7 
Which grids have Hamilton paths, and which have Hamilton cycles? 


2.2.8 Give an example to show that the following simple procedure, known as the 
Greedy Heuristic, is not guaranteed to solve the Travelling Salesman Problem. 
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> Select an arbitrary vertex v. 

> Starting with the trivial path v, grow a Hamilton path one edge at a time, 
choosing at each iteration an edge of minimum weight between the terminal 
vertex of the current path and a vertex not on this path. 

> Forma Hamilton cycle by adding the edge joining the two ends of the Hamilton 
path. 


2.2.9 Let G be a graph on n vertices and m edges. 


a) How many induced subgraphs has G? 
b) How many edge-induced subgraphs has G? 


2.2.10 Show that every shortest cycle in a simple graph is an induced subgraph. 


«2.2.11 Show that if G is simple and connected, but not complete, then G contains 
an induced path of length two. 


*2.2.12 Let P and Q be distinct paths in a graph G with the same initial and 
terminal vertices. Show that PU @Q contains a cycle by considering the subgraph 
G|E(P) A E(Q)] and appealing to Theorem 2.1. 


2.2.13 


a) Show that any two longest paths in a connected graph have a vertex in com- 
mon. 

b) Deduce that if P is a longest path in a connected graph G, then no path in 
G — V(P) is as long as P. 


2.2.14 Give a constructive proof of Theorem 2.5. 


2.2.15 


a) Show that an induced subgraph of a line graph is itself a line graph. 

b) Deduce that no line graph can contain either of the graphs in Figure 1.19 as 
an induced subgraph. 

c) Show that these two graphs are minimal with respect to the above property. 
Can you find other such graphs? (There are nine in all.) 


2.2.16 


a) Show that an induced subgraph of an interval graph is itself an interval graph. 

b) Deduce that no interval graph can contain the graph in Figure 1.20 as an 
induced subgraph. 

c) Show that this graph is minimal with respect to the above property. 


2.2.17 Let G be a bipartite graph of maximum degree k. 


a) Show that there is a k-regular bipartite graph H which contains G as an 
induced subgraph. 

b) Show, moreover, that if G is simple, then there exists such a graph H which 
is simple. 
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mi 
2.2.18 Let G be a simple connected graph. 


a) Show that there is an ordering v1, v2,...,Un of V such that at least $(n —1) 
vertices v; are adjacent to an odd number of vertices v; with i < j. 

b) By starting with such an ordering and adopting the approach outlined in Exer- 
cise 2.2.2b, deduce that G has a bipartite subgraph with at least sm+ z(n— 1) 
edges. (C. Epwarps; P. Erb6s) 


2.2.19 Read the ‘Theorem’ and ‘Proof’ given below, and then answer the questions 
which follow. 


‘Theorem’. Let G be a simple graph with 6 > n/2, where n > 3. Then G has a 
Hamilton cycle. 

‘Proof’. By induction on n. The ‘Theorem’ is true for n = 3, because G = Kz 
in this case. Suppose that it holds for n = k, where k > 3. Let G’ be a simple 
graph on k vertices in which 6 > k/2, and let C’ be a Hamilton cycle of G’. Form 
a graph G on k + 1 vertices in which 6 > (k + 1)/2 by adding a new vertex v and 
joining v to at least (k + 1)/2 vertices of G’. Note that v must be adjacent to two 
consecutive vertices, u and w, of C’. Replacing the edge uw of C’ by the path wvw, 
we obtain a Hamilton cycle C of G. Thus the ‘Theorem’ is true forn =k+1. By 
the Principle of Mathematical Induction, it is true for all n > 3. 


a) Is the ‘Proof’ correct? 

b) If you claim that the ‘Proof’ is incorrect, give reasons to support your claim. 

c) Can you find any graphs for which the ‘Theorem’ fails? Does the existence 
or nonexistence of such graphs have any relationship to the correctness or 
incorrectness of the ‘Proof’? (D.R. WooDALL) 


2.2.20 


a) Let D be an oriented graph with minimum outdegree k, where k > 1. 

i) Show that D has a vertex x whose indegree and outdegree are both at 
least k. 

ii) Let D’ be the digraph obtained from D by deleting N~(x) U {x} and 
adding an arc (u,v) from each vertex u of the set N~~ (x) of in-neighbours 
of N~ (zx) to each vertex v of N*(z), if there was no such arc in D. Show 
that D’ is a strict digraph with minimum outdegree k. 

b) Deduce, by induction on n, that every strict digraph D with minimum outde- 
gree k, where k > 1, contains a directed cycle of length at most 2n/k. 
(V. CHVATAL AND E. SZEMERED!) 


2.2.21 The complement D of a strict digraph D is its complement in D(K,,). Let 
D = (V,A) bea strict digraph and let P be a directed Hamilton path of D. Form 
a bipartite graph BF, S,,], where F is the family of spanning subgraphs of D each 
component of which is a directed path and S,, is the set of permutations of V, 
a subgraph F’ € F being adjacent in B to a permutation o € S;, if and only if 
o(F) Co(D)NP. 
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a) Which vertices F' € F are of odd degree in B? 

b) Describe a bijection between the vertices o € S,, of odd degree in B and the 
directed Hamilton paths of D. 

c) Deduce that h(D) = h(D) (mod 2), where h(D) denotes the number of directed 
Hamilton paths in D. 


2.2.22 Let D be a tournament, and let (x,y) be an arc of D. Set D™ := D\ (a, y) 
and D* := D+ (y,2). 


a) Describe a bijection between the directed Hamilton paths of D~ and those of 
Dt. 

b) Deduce from Exercise 2.2.21 that h(D~) = h(D*) (mod 2). 

c) Consider the tournament D’ obtained from D on reversing the arc (2, y). Show 
that h(D’) = h(D*) — h(D)+ h(D-). 

d) Deduce that h(D’) = h(D) (mod 2). 

e) Conclude that every tournament has an odd number of directed Hamilton 
paths. (L. REDE!) 


2.2.23 


a) Let S be a set of n points in the plane, the distance between any two of which 
is at most one. Show that there are at most n pairs of points of S at distance 
exactly one. (P. Erdos) 

b) For each n > 3, describe such a set S for which the number of pairs of points 
at distance exactly one is n. 


2.2.24 Let G be a simple graph on n vertices and m edges, with minimum degree 
6 and maximum degree A. 


a) Show that there is a simple A-regular graph H which contains G as an induced 
subgraph. 
b) Let H be such a graph, with v(H) = n+ r. Show that: 
ir>A-6, 
ii) rA = nA(mod 2), 
iii) rA > nA-—2m>rA-—r(r—1). 
(Erdés and Kelly (1967) showed that if r is the smallest positive integer which 
satisfies the above three conditions, then there does indeed exist a simple A-regular 
graph H on n+ 1 vertices which contains G' as an induced subgraph.) 


2.2.25 Let G bea simple graph on n vertices, where n > 4, and let k be an integer, 
2<k <n-—2. Suppose that all induced subgraphs of G on k vertices have the 
same number of edges. Show that G is either empty or complete. 


2.3 Modifying Graphs 


We have already discussed some simple ways of modifying a graph, namely deleting 
or adding vertices or edges. Here, we describe several other local operations on 
graphs. Although they do not give rise to subgraphs or supergraphs, it is natural 
and convenient to introduce them here. 
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VERTEX IDENTIFICATION AND EDGE CONTRACTION 


To identify nonadjacent vertices 7 and y of a graph G is to replace these vertices 
by a single vertex incident to all the edges which were incident in G to either x or 
y. We denote the resulting graph by G/ {x,y} (see Figure 2.5a). To contract an 
edge e of a graph G is to delete the edge and then (if the edge is a link) identify 
its ends. The resulting graph is denoted by G/e (see Figure 2.5b). 


G G/ {x,y} G 
(a) (b) 


Fig. 2.5. (a) Identifying two vertices, and (b) contracting an edge 


VERTEX SPLITTING AND EDGE SUBDIVISION 


The inverse operation to edge contraction is vertex splitting. To split a vertex v is 
to replace v by two adjacent vertices, v’ and v”’, and to replace each edge incident 
to v by an edge incident to either v’ or v” (but not both, unless it is a loop at 
v), the other end of the edge remaining unchanged (see Figure 2.6a). Note that a 
vertex of positive degree can be split in several ways, so the resulting graph is not 
unique in general. 


~ P<] - De] 


(a) (0) 


Fig. 2.6. (a) Splitting a vertex, and (b) subdividing an edge 


A special case of vertex splitting occurs when exactly one link, or exactly one 
end of a loop, is assigned to either v’ or v”. The resulting graph can then be viewed 
as having been obtained by subdividing an edge of the original graph, where to 
subdivide an edge e is to delete e, add a new vertex x, and join x to the ends of 
e (when e is a link, this amounts to replacing e by a path of length two, as in 
Figure 2.6b). 
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Exercises 


2.3.1 


a) Show that c(G/e) = c(G) for any edge e of a graph G. 
b) Let G be an acyclic graph, and let e € E. 

i) Show that G'/e is acyclic. 

ii) Deduce that m = n—c. 


2.4 Decompositions and Coverings 


DECOMPOSITIONS 


A decomposition of a graph G is a family F of edge-disjoint subgraphs of G such 
that 
UrexE(F) = E(G) (2.2) 


If the family F consists entirely of paths or entirely of cycles, we call F a path 
decomposition or cycle decomposition of G. 

Every loopless graph has a trivial path decomposition, into paths of length one. 
On the other hand, not every graph has a cycle decomposition. Observe that if a 
graph has a cycle decomposition C, the degree of each vertex is twice the number 
of cycles of C to which it belongs, so is even. A graph in which each vertex has even 
degree is called an even graph. Thus, a graph which admits a cycle decomposition is 
necessarily even. Conversely, as was shown by Veblen (1912/13), every even graph 
admits a cycle decomposition. 


Theorem 2.7 VEBLEN’S THEOREM 
A graph admits a cycle decomposition if and only if it is even. 


Proof We have already shown that the condition of evenness is necessary. We 
establish the converse by induction on e(G). 

Suppose that G is even. If G is empty, then E(G) is decomposed by the empty 
family of cycles. If not, consider the subgraph F' of G induced by its vertices of 
positive degree. Because G' is even, F' also is even, so every vertex of F’ has degree 
two or more. By Theorem 2.1, F' contains a cycle C. The subgraph G’ := G‘\ E(C) 
is even, and has fewer edges than G. By induction, G’ has a cycle decomposition 
C’. Therefore G' has the cycle decomposition C := C’ U {C}. 


There is a corresponding version of Veblen’s Theorem for digraphs (see Exer- 
cise 2.4.2). 
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PROOF TECHNIQUE: LINEAR INDEPENDENCE 


Algebraic techniques can occasionally be used to solve problems where combi- 
natorial methods fail. Arguments involving the ranks of appropriately chosen 
matrices are particularly effective. Here, we illustrate this technique by giving 
a simple proof, due to Tverberg (1982), of a theorem of Graham and Pollak 
(1971) on decompositions of complete graphs into complete bipartite graphs. 
There are many ways in which a complete graph can be decomposed into 
complete bipartite graphs. For example, K'4 may be decomposed into six copies 
of K, into three copies of Ky ,2, into the stars K1,;, Ay,2, and K 1,3, or into K2,2 
and two copies of Ky. What Graham and Pollak showed is that, no matter 
how K,, is decomposed into complete bipartite graphs, there must be at least 
n —1 of them in the decomposition. Observe that this bound can always be 
achieved, for instance by decomposing 7, into the stars Ky ,, 1<k<n-1. 
Theorem 2.8 Let F := {F\, Fo,...,F} be a decomposition of K,, into com- 
plete bipartite graphs. Thenk > n—1. 


Proof Let V := V(K,,) and let F; have bipartition (X;,Y;), 1 <i <k. 
Consider the following system of / + 1 homogeneous linear equations in the 
variables x,, v € V: 


aH ie 1<i<k 
vEV VEX; 


Suppose that k < n—1. Then this system, consisting of fewer than n equations 
in n variables, has a solution x» = cy, v € V, with cy, 4 0 for at least one 


v €V. Thus 
>) w= Oand Paes 1<i<k 
vEV VEX; 


Because F is a decomposition of Ky, 


vwek i=1 \VEX; we Y; 
Therefore 
2 k 
»=(De] - e423 ( ys) («| ei 
vEV vEV i=1 \VEX; wey; vEeV 


a contradiction. We conclude that k > n—1. 


Further proofs based on linear independence arguments are outlined in Exer- 
cises 2.4.9 and 14.2.15. 


58 2 Subgraphs 
COVERINGS 


We now define the related concept of a covering. A covering or cover of a graph 
G is a family F of subgraphs of G, not necessarily edge-disjoint, satisfying (2.2). 
A covering is uniform if it covers each edge of G the same number of times; when 
this number is k, the covering is called a k-cover. A 1-cover is thus simply a 
decomposition. A 2-cover is usually called a double cover. If the family F consists 
entirely of paths or entirely of cycles, the covering is referred to as a path covering 
or cycle covering. Every graph which admits a cycle covering also admits a uniform 
cycle covering (Exercise 3.5.7). 

The notions of decomposition and covering crop up frequently in the study of 
graphs. In Section 3.5, we discuss a famous unsolved problem concerning cycle 
coverings, the Cycle Double Cover Conjecture. The concept of covering is also 
useful in the study of another celebrated unsolved problem, the Reconstruction 
Conjecture (see Section 2.7, in particular Exercise 2.7.11). 


Exercises 


2.4.1 Let e be an edge of an even graph G. Show that G'/e is even. 


*2.4.2 EVEN DIRECTED GRAPH 

A digraph D is even if d~(v) = d*(v) for each vertex v € V. Prove the following di- 
rected version of Veblen’s Theorem (2.7): A directed graph admits a decomposition 
into directed cycles if and only if it is even. 


2.4.3 Find a decomposition of 13 into three copies of the circulant CG(Zis3, {1, —1, 
5, —5}). 


2.4.4 


a) Show that K,, can be decomposed into copies of K, only if n — 1 is divisible 
by p—1 and n(n — 1) is divisible by p(p — 1). For which integers n do these 
two conditions hold when p is a prime? 

b) For k a prime power, describe a decomposition of Ay,24,41 into copies of Ky41, 
based on a finite projective plane of order k. 


2.4.5 Let n be a positive integer. 


a) Describe a decomposition of Ko,41 into Hamilton cycles. 
b) Deduce that K2, admits a decomposition into Hamilton paths. 


*2.4.6 Consider the graph obtained from the Petersen graph by replacing each of 
the five edges in a 1-factor by two parallel edges, as shown in Figure 2.7. Show 
that every cycle decomposition of this 4-regular graph includes a 2-cycle. 
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Fig. 2.7. The Petersen graph with a doubled 1-factor 


2.4.7 Let G be a connected graph with an even number of edges. 


a) Show that G can be oriented so that the outdegree of each vertex is even. 
b) Deduce that G admits a decomposition into paths of length two. 


2.4.8 Show that every loopless digraph admits a decomposition into two acyclic 
digraphs. 


2.4.9 Give an alternative proof of the de Bruijn—Erdés Theorem (see Exer- 
cise 1.3.15b) by proceeding as follows. Let M be the incidence matrix of a ge- 
ometric configuration (P,£) which has at least two lines and in which any two 
points lie on exactly one line. 


a) Show that the columns of M span R”, where n := |P]. 
b) Deduce that M has rank n. 
c) Conclude that |£| > |PI. 


2.5 Edge Cuts and Bonds 


EDGE Cuts 


Let X and Y be sets of vertices (not necessarily disjoint) of a graph G = (V, E). 
We denote by E[X, Y] the set of edges of G with one end in X and the other end 
in Y, and by e(X,Y) their number. If Y = X, we simply write E(X) and e(X) for 
E|X, X] and e(X, X), respectively. When Y = V \ X, the set E[X, Y] is called the 
edge cut of G associated with X, or the coboundary of X, and is denoted by 0(X); 
note that 0(X) = O(Y) in this case, and that 0(V) = 9. In this notation, a graph 
G = (V,E) is bipartite if 0(X) = E for some subset X of V, and is connected if 
O(X) # 0 for every nonempty proper subset X of V. The edge cuts of a graph are 
illustrated in Figure 2.8. 

An edge cut 0(v) associated with a single vertex v is a trivial edge cut; this is 
simply the set of all links incident with v. If there are no loops incident with v, it 
follows that |O(v)| = d(v). Accordingly, in the case of loopless graphs, we refer to 
|O(X)| as the degree of X and denote it by d(X). 
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Fig. 2.8. The edge cuts of a graph 


The following theorem is a natural generalization of Theorem 1.1, the latter 
theorem being simply the case where X = V. Its proof is based on the technique 
of counting in two ways, and is left as an exercise (2.5.1a). 


Theorem 2.9 For any graph G and any subset X of V, 


|A(X)| = D7 d(v) — 2e(X) 


vex 


Veblen’s Theorem (2.7) characterizes even graphs in terms of cycles. Even 
graphs may also be characterized in terms of edge cuts, as follows. 


Theorem 2.10 A graph G is even if and only if |O(X)| is even for every subset 
X of V. 


Proof Suppose that |O(X)| is even for every subset X of V. Then, in particular, 
|O(v)| is even for every vertex v. But, as noted above, O(v) is just the set of all 
links incident with v. Because loops contribute two to the degree, it follows that 
all degrees are even. Conversely, if G is even, then Theorem 2.9 implies that all 
edge cuts are of even cardinality. 


The operation of symmetric difference of spanning subgraphs was introduced 
in Section 2.1. The following propositions show how edge cuts behave with respect 
to symmetric difference. 


Proposition 2.11 Let G be a graph, and let X and Y be subsets of V. Then 


a(X) A A(Y) = a(X AY) 
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Proof Consider the Venn diagram, shown in Figure 2.9, of the partition of V 
(ene. 2K Ya, SY) 
determined by the partitions (X,X) and (Y,Y), where X := V\ X and Y := 
V\ Y. The edges of 0(X), O(Y), and 0(X AY) between these four subsets of V 


are indicated schematically in Figure 2.10. It can be seen that 0(X) A O(Y) = 
Ox AY). 


al 


Y\X | XnY 


Fig. 2.9. Partition of V determined by the partitions (X, X) and (Y,Y) 


Corollary 2.12 The symmetric difference of two edge cuts is an edge cut. 


We leave the proof of the second proposition to the reader (Exercise 2.5.1b). 


Proposition 2.13 Let F, and F2 be spanning subgraphs of a graph G, and let X 
be a subset of V. Then 


Or, AF, (X) = Op, (X) A Op, (X) 


a(X) ay) a(X AY) 


Fig. 2.10. The symmetric difference of two cuts 
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BONDS 


A bond of a graph is a minimal nonempty edge cut, that is, a nonempty edge cut 
none of whose nonempty proper subsets is an edge cut. The bonds of the graph 
whose edge cuts are depicted in Figure 2.8 are shown in Figure 2.11. 

The following two theorems illuminate the relationship between edge cuts and 
bonds. The first can be deduced from Proposition 2.11 (Exercise 2.5.1c). The 
second provides a convenient way to check when an edge cut is in fact a bond. 


Theorem 2.14 A set of edges of a graph is an edge cut if and only if it is a disjoint 
union of bonds. 


Theorem 2.15 In a connected graph G, a nonempty edge cut O(X) is a bond if 
and only if both GLX] and G[V \ X] are connected. 


Proof Suppose, first, that O(X) is a bond, and let Y be a nonempty proper 
subset of X. Because G is connected, both O(Y) and O(X \ Y) are nonempty. It 
follows that E[Y, X \ Y] is nonempty, for otherwise O(Y) would be a nonempty 
proper subset of O(X), contradicting the supposition that O(X) is a bond. We 
conclude that G[X] is connected. Likewise, G[V \ X] is connected. 

Conversely, suppose that 0(X) is not a bond. Then there is a nonempty proper 
subset Y of V such that X NY #4 @ and O(Y) C A(X). But this implies (see 
Figure 2.10) that B[IX N Y,X \ Y] = E[Y \ X,X NY] = 0. Thus GLX] is not 
connected if X \Y 4 @. On the other hand, if X\Y = 9, then? CY\X CV\X, 
and G[V \ X] is not connected. 


CuTs IN DIRECTED GRAPHS 


If X and Y are sets of vertices (not necessarily disjoint) of a digraph D = (V, A), 
we denote the set of arcs of D whose tails lie in X and whose heads lie in Y 
by A(X,Y), and their number by a(X,Y). This set of arcs is denoted by A(X) 
when Y = X, and their number by a(X). When Y = V \ X, the set A(X,Y) is 
called the outcut of D associated with X, and denoted by 0*(X). Analogously, 
the set A(Y, X) is called the incut of D associated with X, and denoted by 07 (X). 
Observe that 0*(X) = O-(V \ X). Note, also, that 0(X) = 07(X)U07(X). In 


ou u 
v v 
Pa 
Loo oy x y , 
A(u) (u,v) O(u, v, x) Ou, v, y) 


Fig. 2.11. The bonds of a graph 
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the case of loopless digraphs, we refer to |O*(X)| and |O~(X)| as the outdegree 
and indegree of X, and denote these quantities by d+(X) and d~(X), respectively. 

A digraph D is called strongly connected or strong if O*(X) 4 @ for every 
nonempty proper subset X of V (and thus 0- (X) 4 @ for every nonempty proper 
subset X of V, too). 


Exercises 


*2.5.1 


a) Prove Theorem 2.9. 
b) Prove Proposition 2.13. 
c) Deduce Theorem 2.14 from Proposition 2.11. 


*2.5.2 Let D be a digraph, and let X be a subset of V. 


a) Show that |O*(X)| = 0c dt(v) — a(X). 

b) Suppose that D is even. Using the Principle of Directional Duality, deduce 
that |OT(X)| = |O~(X)|. 

c) Deduce from (b) that every connected even digraph is strongly connected. 


2.5.3 Let G be a graph, and let X and Y be subsets of V. Show that 0(X UY) A 
OXNY)=dA(xX AY). 


*2.5.4 Let G be a loopless graph, and let X and Y be subsets of V. 
a) Show that: 
d(X)+d(¥) =d(XUY)+d(X NY) + 2e(X \ Y/Y \ X) 
b) Deduce the following submodular inequality for degrees of sets of vertices. 
d(X)+d(Y) >d(X UY)+d(x nV) 
c) State and prove a directed analogue of this submodular inequality. 


*2.5.5 An odd graph is one in which each vertex is of odd degree. Show that a 
graph G is odd if and only if |O(X)| = |X| (mod 2) for every subset X of V. 


*2.5.6 Show that each arc of a strong digraph is contained in a directed cycle. 


2.5.7 DIRECTED BOND 
A directed bond of a digraph is a bond 0(X) such that 0 (X) = 0 (in other words, 
O(X) is the outcut 0*(X)). 
a) Show that an arc of a digraph is contained either in a directed cycle, or in a 
directed bond, but not both. (G.J. MINTY) 


b) Deduce that: 
i) a digraph is acyclic if and only if every bond is a directed bond, 
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ii) a digraph is strong if and only if no bond is a directed bond. 


*2.5.8 FEEDBACK ARC SET 

A feedback arc set of a digraph D is a set S of arcs such that D\S is acyclic. Let $ 
be a minimal feedback arc set of a digraph D. Show that there is a linear ordering 
of the vertices of D such that the arcs of S are precisely those arcs whose heads 
precede their tails in the ordering. 


ee 


2.5.9 Let (D,w) be a weighted oriented graph. For v € V, set wt(v) := )o{w(a) : 
a € OT(v)}. Suppose that wt(v) > 1 for all vu € V \ {y}, where y € V. Show that 
D contains a directed path of weight at least one, by proceeding as follows. 


a) Consider an arc (%,y) € O-(y) of maximum weight. Contract this arc to a 
vertex y’, delete all arcs with tail y’, and replace each pair {a,a’} of multiple 
arcs (with head y’) by a single arc of weight w(a)+w/(a’), all other arcs keeping 
their original weights. Denote the resulting weighted digraph by (D’, w’). Show 
that if D’ contains a directed path of weight at least one, then so does D. 

b) Deduce, by induction on V, that D contains a directed path of weight at least 
one. (B. BoLLoBAS AND A.D. Scorr) 


2.6 Even Subgraphs 


By an even subgraph of a graph G we understand a spanning even subgraph of 
G, or frequently just the edge set of such a subgraph. Observe that the first two 
subgraphs in Figure 2.4 are both even, as is their symmetric difference. Indeed, it 
is an easy consequence of Proposition 2.13 that the symmetric difference of even 
subgraphs is always even. 


Corollary 2.16 The symmetric difference of two even subgraphs is an even sub- 
graph. 
Proof Let F, and F» be even subgraphs of a graph G, and let X be a subset of 
V. By Proposition 2.13, 

Or, AF, (X) = Or, (X) A Op, (X) 


By Theorem 2.10, O7,(X) and Op,(X) are both of even cardinality, so their sym- 
metric difference is too. Appealing again to Theorem 2.10, we deduce that F A Fy 
is even. 


As we show in Chapters 4 and 21, the even subgraphs of a graph play an impor- 
tant structural role. When discussing even subgraphs (and only in this context), 
by a cycle we mean the edge set of a cycle. By the same token, we use the term 
disjoint cycles to mean edge-disjoint cycles. With this convention, the cycles of a 
graph are its minimal nonempty even subgraphs, and Theorem 2.7 may be restated 
as follows. 
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Theorem 2.17 A set of edges of a graph is an even subgraph if and only if it is a 
disjoint union of cycles. 


THE CYCLE AND BOND SPACES 
Even subgraphs and edge cuts are related in the following manner. 


Proposition 2.18 In any graph, every even subgraph meets every edge cut in an 
even number of edges. 


Proof We first show that every cycle meets every edge cut in an even number of 
edges. Let C be a cycle and 0(X) an edge cut. Each vertex of C is either in X or in 
V\ X. As C is traversed, the number of times it crosses from X to V \ X must be 
the same as the number of times it crosses from V \ X to X. Thus |E(C)N 0(X) 
is even. 

By Theorem 2.17, every even subgraph is a disjoint union of cycles. It follows 
that every even subgraph meets every edge cut in an even number of edges. 


We denote the set of all subsets of the edge set E of a graph G by €(G). 
This set forms a vector space of dimension m over GF'(2) under the operation of 
symmetric difference. We call E(G) the edge space of G. With each subset X of E, 
we may associate its incidence vector fy, where fx(e) = 1ifee X and fx(e) =0 
ife ¢ X. The function which maps X to fx for all X C EF is an isomorphism from 
E to (GF(2))” (Exercise 2.6.2). 

By Corollary 2.16, the set of all even subgraphs of a graph G forms a subspace 
C(G) of the edge space of G. We call this subspace the cycle space of G’, because it 
is generated by the cycles of G. Likewise, by Corollary 2.12, the set of all edge cuts 
of G forms a subspace 6(G) of E(G), called the bond space (Exercise 2.6.4a,b). 
Proposition 2.18 implies that these two subspaces are orthogonal. They are, in 
fact, orthogonal complements (Exercise 2.6.4c). 

In Chapter 20, we extend the above concepts to arbitrary fields, in particular 
to the field of real numbers. 


Exercises 


2.6.1 Show that: 


a) a graph G is even if and only if £ is an even subgraph of G, 
b) a graph G is bipartite if and only if E is an edge cut of G. 


*2.6.2 Show that the edge space €(G) is a vector space over GF'(2) with respect 
to the operation of symmetric difference, and that it is isomorphic to (GF(2))”. 


2.6.3 
a) Draw all the elements of the cycle and bond spaces of the wheel W4. 
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b) How many elements are there in each of these two vector spaces? 


x2.6.4 Show that: 


a) the cycles of a graph generate its cycle space, 

b) the bonds of a graph generate its bond space, 

c) the bond space of a graph G is the row space of its incidence matrix M over 
GF (2), and the cycle space of G is its orthogonal complement. 


2.6.5 How many elements are there in the cycle and bond spaces of a graph G? 


ee 


2.6.6 Show that every graph G has an edge cut [X,Y] such that GLX] and G[Y] 
are even. 


2.7 Graph Reconstruction 


Two graphs G and H on the same vertex set V are called hypomorphic if, for 
all v € V, their vertex-deleted subgraphs G — v and H — v are isomorphic. Does 
this imply that G and H are themselves isomorphic? Not necessarily: the graphs 
2K, and Kg, though not isomorphic, are clearly hypomorphic. However, these two 
graphs are the only known nonisomorphic pair of hypomorphic simple graphs, and 
it was conjectured in 1941 by Kelly (1942) (see also Ulam (1960)) that there are 
no other such pairs. This conjecture was reformulated by Harary (1964) in the 
more intuitive language of reconstruction. A reconstruction of a graph G is any 


Fig. 2.12. The deck of a graph on six vertices 


graph that is hypomorphic to G. We say that a graph G is reconstructible if every 
reconstruction of G is isomorphic to G, in other words, if G can be ‘reconstructed’ 
up to isomorphism from its vertex-deleted subgraphs. Informally, one may think 
of the (unlabelled) vertex-deleted subgraphs as being presented on cards, one per 
card. The problem of reconstructing a graph is then that of determining the graph 
from its deck of cards. The reader is invited to reconstruct the graph whose deck 
of six cards is shown in Figure 2.12. 
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THE RECONSTRUCTION CONJECTURE 


Conjecture 2.19 Every simple graph on at least three vertices is recon- 
structible. 


The Reconstruction Conjecture has been verified by computer for all graphs on up 
to ten vertices by McKay (1977). In discussing it, we implicitly assume that our 
graphs have at least three vertices. 

One approach to the Reconstruction Conjecture is to show that it holds for 
various classes of graphs. A class of graphs is reconstructible if every member 
of the class is reconstructible. For instance, regular graphs are easily shown to 
be reconstructible (Exercise 2.7.5). One can also prove that disconnected graphs 
are reconstructible (Exercise 2.7.11). Another approach is to prove that specific 
parameters are reconstructible. We call a graphical parameter reconstructible if 
the parameter takes the same value on all reconstructions of G. A fundamental 
result of this type was obtained by Kelly (1957). For graphs F' and G, we adopt 
the notation of Lauri and Scapellato (2003) and use (¢) to denote the number 
of copies of F' in G. For instance, if F = Ke, then (¢) = e(G), if F = G, then 
(F) = 1, and if v(F) > v(G), then (F) =0. 


Lemma 2.20 KELLY’s LEMMA 
For any two graphs F and G such that v(F) < v(G), the parameter ( 
structible. 


G 


Pi 1s TeCOn- 


Proof Each copy of F' in G occurs in exactly v(G) — u(F) of the vertex-deleted 
subgraphs G — v (namely, whenever the vertex v is not present in the copy). 


Therefore . ; Ae 
eae) 


vEeV 


Since the right-hand side of this identity is reconstructible, so too is the left-hand 
side. 


Corollary 2.21 For any two graphs F and G such that vo(F) < v(G), the num- 
ber of subgraphs of G that are isomorphic to F and include a given vertex v is 
reconstructible. 


Proof This number is (¢) = (“ay which is reconstructible by Kelly’s Lemma. 


Corollary 2.22 The size and the degree sequence are reconstructible parameters. 
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Proof Take F = Ko in Kelly’s Lemma and Corollary 2.21, respectively. 


An edge analogue of the Reconstruction Conjecture was proposed by Harary 
(1964). A graph is edge-reconstructible if it can be reconstructed up to isomorphism 
from its edge-deleted subgraphs. 


THE EDGE RECONSTRUCTION CONJECTURE 


Conjecture 2.23 Every simple graph on at least four edges is edge- 
reconstructible. 


Note that the bound on the number of edges is needed on account of certain 
small counterexamples (see Exercise 2.7.2). The notions of edge reconstructibility 
of classes of graphs and of graph parameters are defined in an analogous manner 
to those of reconstructibility, and there is an edge version of Kelly’s Lemma, whose 
proof we leave as an exercise (Exercise 2.7.13a). 


Lemma 2.24 KELLY’S LEMMA: EDGE VERSION 
For any two graphs F and G such that e(F') < e(G), the parameter (¢) is edge 
reconstructible. 


Because edge-deleted subgraphs are much closer to the original graph than are 
vertex-deleted subgraphs, it is intuitively clear (but not totally straightforward 
to prove) that the Edge Reconstruction Conjecture is no harder than the Recon- 
struction Conjecture (Exercise 2.7.14). Indeed, a number of approaches have been 
developed which are effective for edge reconstruction, but not for vertex recon- 
struction. We describe below one of these approaches, Mobius Inversion. 


PROOF TECHNIQUE: MOBIUS INVERSION 


We discussed earlier the proof technique of counting in two ways. Here, we 
present a more subtle counting technique, that of Mobius Inversion. This is a 
generalization of the Inclusion-Exclusion Formula, a formula which expresses 
the cardinality of the union of a family of sets {A; : i € T} in terms of the 
cardinalities of intersections of these sets: 


| Vier Ai] = a (-1)'¥!-"| Niex Asal (2.3) 
OCXCT 


the case of two sets being the formula |A U B| = |A|+ |B] —|AN BI. 
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MOostus INVERSION (CONTINUED) 


Theorem 2.25 THE MOsius INVERSION FORMULA 
Let f : 27 — R be a real-valued function defined on the subsets of a finite set 
T. Define the function g : 27 +R by 


g(S):= D> F(X) (2.4) 
SCXCT 
Then, for all S CT, 
KSy= S| Cyr lgx) (2.5) 
SCXCT 


Remark. Observe that (2.4) is a linear transformation of the vector space 
of real-valued functions defined on 27. The Mobius Inversion Formula (2.5) 
simply specifies the inverse of this transformation. 


Proof By the Binomial Theorem, 


©) > e : is )-piees =a —nrris 


SCXCY IS|<|X|<|¥] 


which is equal to 0 if S C Y, and to 1 if S = Y. Therefore, 


A8)= oe) YY Eyres 


SCYCT SCXCY 
= VPs YS fery= Hg) 
SCXCT XCYCT SCXCT 


We now show how the Mobius Inversion Formula can be applied to the prob- 
lem of edge reconstruction. This highly effective approach was introduced by 
Lovasz (1972c) and refined successively by Miiller (1977) and Nash-Williams 
(1978). 

The idea is to count the mappings between two simple graphs G and H on the 
same vertex set V according to the intersection of the image of G with H. Each 
such mapping is determined by a permutation o of V, which one extends to 
G = (V, E) by setting o(G) := (V,a(E£)), where o(E£) := {o(u)o(v) : uv € E}. 
For each spanning subgraph F' of G, we consider the permutations of G which 
map the edges of F' onto edges of H and the remaining edges of G onto edges 
of H. We denote their number by |G — H|,, that is: 


IG H|p:=|{0 €S,: o(G)NH =o(F)}| 
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MOostus INVERSION (CONTINUED) 


In particular, if F = G, then |G — H|- is simply the number of embeddings 
of G in H, which we denote for brevity by |G — 4H], and if F is empty, 
|G — H|p is the number of embeddings of G in the complement of H; that 
is, |G — H|. These concepts are illustrated in Figure 2.13 for all spanning 
subgraphs F' of G when G = Ky + Ky,2 and H = 2Ko9. Observe that, for any 
subgraph F of G, 


So |IGS4|x =|F> 4A (2.6) 
FCXCG 
and that 
H 
|F + H| = aut(F) (7) (2.7) 


where aut(F’) denotes the number of automorphisms of F’, because the sub- 
graph F' of G can be mapped onto each copy of F' in H in aut(F’) distinct 
ways. 


Lemma 2.26 NAsH-WILLIAMS’ LEMMA 
Let G be a graph, F a spanning subgraph of G, and H an edge reconstruction 
of G that is not isomorphic to G. Then 


IG > Glp —|G > Alp = (-1)°O-" aut(G) (2.8) 


Proof By (2.6) and (2.7), 


iG Hlx = aut(r) (7) 


FCXCG 


We invert this identity by applying the Mobius Inversion Formula (identifying 
each spanning subgraph of G with its edge set), to obtain: 


IG Hle= Sy aye*aur(x) (Y) 


FCXCG 
Therefore, 
Al 
IG Ge - |G He =_S> (-1)°-*Fautx) (() - 
FCXCG 
: A : vee . G = H . 
Because H is an edge reconstruction of G, we have ( al = ( a) for every 


proper spanning subgraph X of G, by the edge version of Kelly’s Lemma 
(2.24). Finally, (@) = 1, whereas (4) = 0 since e(H) = e(G) and H # G. 


2.7 Graph Reconstruction 


71 


1e) 12) 16) O O O ] 
12) O O @—__® 


iG—+Clp 10 6 6 2 
H 
IG He 8 8 8 0 


Fig. 2.13. Counting mappings 


MOBIus INVERSION (CONTINUED) 


Theorem 2.27 A graph G is edge reconstructible if there exists a spanning 
subgraph F of G such that either of the following two conditions holds. 


(i) |G — H|p takes the same value for all edge reconstructions H of G, 
(i) IP = G| 2 ote at), 


Proof Let H be an edge reconstruction of G. If condition (i) holds, the 
left-hand side of (2.8) is zero whereas the right-hand side is nonzero. The 
inequality of condition (ii) is equivalent, by (2.6), to the inequality 


So |G Gx < 2°) Taut(G) 
FCXCG 


But this implies that |G — G|x < aut(G) for some spanning subgraph X of 
G such that e(G) — e(X) is even, and identity (2.8) is again violated (with 
F := X). Thus, in both cases, Nash-Williams’ Lemma implies that H is 
isomorphic to G. 


Choosing F' as the empty graph in Theorem 2.27 yields two sufficient condi- 
tions for the edge reconstructibility of a graph in terms of its edge density, 
due to Lovasz (1972) and Miller (1977), respectively (Exercise 2.7.8). 


Corollary 2.28 A graph G is edge reconstructible if either m > 5(5) or 
2° Si) 


Two other applications of the Mobius Inversion Formula to graph theory 
are given in Exercises 2.7.17 and 14.7.12. For further examples, see Whitney 
(1932b). Theorem 2.25 was extended by Rota (1964) to the more general 
context of partially ordered sets. 
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It is natural to formulate corresponding conjectures for digraphs (see Harary 
(1964)). Tools such as Kelly’s Lemma apply to digraphs as well, and one might be 
led to believe that the story is much the same here as for undirected graphs. Most 
surprisingly, this is not so. Several infinite families of nonreconstructible digraphs, 
and even nonreconstructible tournaments, were constructed by Stockmeyer (1981) 
(see Exercise 2.7.18). One such pair is shown in Figure 2.14. We leave its verification 
to the reader (Exercise 2.7.9). 


Fig. 2.14. A pair of nonreconstructible tournaments 


We remark that there also exist infinite families of nonreconstructible hyper- 
graphs (see Exercise 2.7.10 and Kocay (1987)) and nonreconstructible infinite 
graphs (see Exercise 4.2.10). Further information on graph reconstruction can be 
found in the survey articles by Babai (1995), Bondy (1991), and Ellingham (1988), 
and in the book by Lauri and Scapellato (2003). 


Exercises 


2.7.1 Find two nonisomorphic graphs on six vertices whose decks both include the 
first five cards displayed in Figure 2.12. (P.K. STOCKMEYER) 


2.7.2 Find a pair of simple graphs on two edges, and also a pair of simple graphs 
on three edges, which are not edge reconstructible. 


2.7.3 Two dissimilar vertices u and v of a graph G are called pseudosimilar if the 
vertex-deleted subgraphs G — u and G — v are isomorphic. 


a) Find a pair of pseudosimilar vertices in the graph of Figure 2.15. 
b) Construct a tree with a pair of pseudosimilar vertices. 
(F. HARARY AND E.M. PALMER) 


2.7.4 A class G of graphs is recognizable if, for each graph G € G, every reconstruc- 
tion of G also belongs to G. The class G is weakly reconstructible if, for each graph 
G €G, every reconstruction of G that belongs to G is isomorphic to G. Show that 
a class of graphs is reconstructible if and only if it is both recognizable and weakly 
reconstructible. 
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aN 


Fig. 2.15. A graph containing a pair of pseudosimilar vertices (Exercise 2.7.3) 


2.7.5 


a) Show that regular graphs are both recognizable and weakly reconstructible. 
b) Deduce that this class of graphs is reconstructible. 


2.7.6 


a) Let G be a connected graph on at least two vertices, and let P be a maximal 
path in G, starting at x and ending at y. Show that G — zx and G — y are 
connected. 

b) Deduce that a graph on at least three vertices is connected if and only if at 
least two vertex-deleted subgraphs are connected. 

c) Conclude that the class of disconnected graphs is recognizable. 


2.7.7 Verify identity (2.6) for the graphs G and H of Figure 2.13, and for all 
spanning subgraphs F of G. 


*2.7.8 Deduce Corollary 2.28 from Theorem 2.27. 


2.7.9 Show that the two tournaments displayed in Figure 2.14 form a pair of 
nonreconstructible tournaments. (P.K. STOCKMEYER) 


2.7.10 Consider the hypergraphs G and H with vertex set V := {1,2,3,4,5} and 
respective edge sets 


F(G) := {123, 125, 135,234,345} and F(H) := {123, 135, 145, 234, 235} 
Show that (G, H) is a nonreconstructible pair. 
ee 


2.7.11 Let G be a graph, and let F := (Fi, Fo,..., Fy) be a sequence of graphs 
(not necessarily distinct). A covering of G by F is a sequence (G1, G2,...,Gz,) of 
subgraphs of G such that G; = F;, 1 <i<k, and UE_.Gi = G. We denote the 
number of coverings of G by F by c(F¥,G). For example, if F := (Ke, K1,2), the 
coverings of G by F for each graph G such that c(¥,G) > 0 are as indicated in 
Figure 2.16 (where the edge of K2 is shown as a dotted line). 


a) Show that, for any graph G and any sequence F := (F\, Fo,..., F,) of graphs 
such that v(F;) < v(G), 1<i<k, the parameter 


B c(F, X) @ 


is reconstructible, where the sum extends over all unlabelled graphs X such 
that v(X) = v(G). (W.L. Kocay) 
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b) Applying Exercise 2.7.1la to all families F := (F\, Fo,..., Fe) such that 
a v(F;) = v(G), deduce that the class of disconnected graphs is weakly 
reconstructible. 

c) Applying Exercise 2.7.6c, conclude that this class is reconstructible. 

(P.J.KELLY) 


2.7.12 Let G and H be two graphs on the same vertex set V, where |V| > 4. 
Suppose that G — {x,y} = H — {x,y} for all x,y € V. Show that G = H. 


*2.7.13 


a) Prove the edge version of Kelly’s Lemma (Lemma 2.24). 

b) Using the edge version of Kelly’s Lemma, show that the number of isolated 
vertices is edge reconstructible. 

c) Deduce that the Edge Reconstruction Conjecture is valid for all graphs pro- 
vided that it is valid for all graphs without isolated vertices. 


2.7.14 


a) By applying Exercise 2.7.11a, show that the (vertex) deck of any graph without 
isolated vertices is edge reconstructible. 
b) Deduce from Exercise 2.7.13c that the Edge Reconstruction Conjecture is true 


if the Reconstruction Conjecture is true. (D.L. GREENWELL) 
G Coverings of G by F = (Ki, Ki,2) c(F,G) 
©—o——o +=x,| 3 }#3£x£&==o—OoO =OF—o> o) 2 
o - fe. 
° e) O------ e) O------ o——o—\o 2 
1} 
A. JU 
© a o 
o——o O------ fo) 1 
o——o——0 o——o——o 


Fig. 2.16. Covering a graph by a sequence of graphs (Exercise 2.7.11) 
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2.7.15 Let {A; : i € T} be a family of sets. For S C T, define f(S) := |(Mies Ai) \ 
(Uier\sAs)| and g(S') := | Mies Ail, where, by convention, Neg Ai = Vier Ai. 


a) Show that g(S) = Discxer F(X). 
b) Deduce from the Mobius Inversion Formula (2.5) that 


i (-1)*!| nex Ai| = 0. 


OCXCT 
c) Show that this identity is equivalent to the Inclusion—Exclusion Formula (2.3). 


2.7.16 Use the Binomial Theorem to establish the Inclusion-Exclusion Formula 
(2.3) directly, without appealing to Mobius Inversion. 


2.7.17 Consider the lower-triangular matrix A,, whose rows and columns are in- 
dexed by the isomorphism types of the graphs on n vertices, listed in increasing 
order of size, and whose (X,Y) entry is (*). 


a) Compute Ag and Ay. 
b) For k € Z, show that the (X,Y) entry of (An)* is ke X)-e™ CG). 
(X. BUCHWALDER) 


2.7.18 Consider the Stockmeyer tournament ST}, defined in Exercise 1.5.11. 


a) Show that each vertex-deleted subgraph of ST,, is self-converse. 

b) Denote by odd(ST,,) and even(ST,,) the subtournaments of ST,, induced by its 
odd and even vertices, respectively. For n > 1, show that odd(ST,,) = ST,-1 = 
even(ST,,). 

c) Deduce, by induction on n, that ST,,—k = ST,,—(2"—k+1) for allk € V(ST,). 

(W. Kocay) 

d) Consider the following two tournaments obtained from ST,, by adding a new 
vertex 0. In one of these tournaments, 0 dominates the odd vertices and is 
dominated by the even vertices; in the other, 0 dominates the even vertices 
and is dominated by the odd vertices. Show that these two tournaments on 
2” + 1 vertices form a pair of nonreconstructible digraphs. 

(P.K. STOCKMEYER) 


2.7.19 To switch a vertex of a simple graph is to exchange its sets of neighbours 
and non-neighbours. The graph so obtained is called a switching of the graph. The 
collection of switchings of a graph G is called the (switching) deck of G. A graph 
is switching-reconstructible if every graph with the same deck as G is isomorphic 
to G. 


a) Find four pairs of graphs on four vertices which are not switching-reconstruct 
-ible. 
b) Let G be a graph with n odd. Consider the collection G consisting of the n? 
graphs in the decks of the graphs which comprise the deck of G. 
i) Show that G is the only graph which occurs an odd number of times in G. 
ii) Deduce that G is switching-reconstructible. 
c) Let G be a graph with n = 2 (mod 4). Show that G is switching-reconstructible. 
(R.P. STANLEY; N. ALON) 
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2.8 Related Reading 


PATH AND CYCLE DECOMPOSITIONS 


Veblen’s Theorem (2.7) tells us that every even graph can be decomposed into 
cycles, but it says nothing about the number of cycles in the decomposition. One 
may ask how many or how few cycles there can be in a cycle decomposition of 
a given even graph. These questions are not too hard to answer in special cases, 
such as when the graph is complete (see Exercises 2.4.4 and 2.4.5a). Some forty 
years ago, G. Hajoés conjectured that every simple even graph on n vertices admits a 
decomposition into at most (n—1)/2 cycles (see Lovasz (1968b)). Surprisingly little 
progress has been made on this simply stated problem. An analogous conjecture 
on path decompositions was proposed by T. Gallai at about the same time (see 
Lovasz (1968b)), namely that every simple connected graph on n vertices admits a 
decomposition into at most (n+1)/2 paths. This bound is sharp if all the degrees 
are odd, because in any path decomposition each vertex must be an end of at least 
one path. Lovasz (1968b) established the truth of Gallai’s conjecture in this case 
(see also Donald (1980)). 


LEGITIMATE DECKS 


In the Reconstruction Conjecture (2.19), the deck of vertex-deleted subgraphs of 
a graph is supplied, the goal being to determine the graph. A natural problem, 
arguably even more fundamental, is to characterize such decks. A family G := 
{G1,Go,...,Gn} of n graphs, each of order n — 1, is called a legitimate deck if 
there is at least one graph G with vertex set {v,,v2,...,Un} such that G; = G—u, 
1<i<n. The Legitimate Deck Problem asks for a characterization of legitimate 
decks. This problem was raised by Harary (1964). It was shown by Harary et al. 
(1982) and Mansfield (1982) that the problem of recognizing whether a deck is 
legitimate is as hard (in a sense to be discussed in Chapter 8) as that of deciding 
whether two graphs are isomorphic. 

The various counting arguments deployed to attack the Reconstruction Con- 
jecture provide natural necessary conditions for legitimacy. For instance, the 
proof of Kelly’s Lemma (2.20) tells us that if G is the deck of a graph G, then 
() — ye (Z)/(n — v(F)) for every graph F' on fewer than n vertices. Because 
the left-hand side is an integer, )>y_, (Fy) must be a multiple of n — v(F). It is 
not hard to come up with an illegitimate deck which passes this test. Indeed, next 
to nothing is known on the Legitimate Deck Problem. A more general problem 
would be to characterize, for a fixed integer k, the vectors ((%) : u(F) = k), where 
G ranges over all graphs on n vertices. Although trivial for k = 2, the problem 
is unsolved already for k = 3 and appears to be very hard. Even determining the 
minimum number of triangles in a graph on n vertices with a specified number 
of edges is a major challenge (see Razborov (2006), where a complex asymptotic 
formula, derived by highly nontrivial methods, is given). 
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ULTRAHOMOGENEOUS GRAPHS 


A simple graph is said to be k-ultrahomogeneous if any isomorphism between two 
of its isomorphic induced subgraphs on k& or fewer vertices can be extended to 
an automorphism of the entire graph. It follows directly from the definition that 
every graph is 0-ultrahomogeneous, that 1-ultrahomogeneous graphs are the same 
as vertex-transitive graphs, and that complements of k-ultrahomogeneous graphs 
are k-ultrahomogeneous. 

Cameron (1980) showed that any graph which is 5-ultrahomogeneous is k- 
ultrahomogeneous for all k. Thus it is of interest to classify the k-ultrahomogeneous 
graphs for 1 < k < 5. The 5-ultrahomogeneous graphs were completely described 
by Gardiner (1976). They are the self-complementary graphs Cs and L(K3,3), and 
the Turan graphs T),-,, for all k > 1 and r > 1, as well as their complements. 
These graphs all have rather simple structures. There is, however, a remarkable 
4-ultrahomogeneous graph. It arises from a very special geometric configuration, 
discovered by Schlafli (1858), consisting of twenty-seven lines on a cubic surface, 
and is known as the Schlafli graph. Here is a description due to Chudnovsky and 
Seymour (2005). 

The vertex set of the graph is Z3, two distinct vertices (a,b,c) and (a’,b’,c’) 
being joined by an edge if a’ = a and either b! = b or c’ =, or if a’ =a+1 and 
b' # c. This construction results in a 16-regular graph on twenty-seven vertices. 
The subgraph induced by the sixteen neighbours of a vertex of the Schlafli graph 
is isomorphic to the complement of the Clebsch graph, shown in Figure 12.9. In 
turn, the subgraph induced by the neighbour set of a vertex of the complement of 
the Clebsch graph is isomorphic to the complement of the Petersen graph. Thus, 
one may conclude that the Clebsch graph is 3-ultrahomogeneous and that the 
Petersen graph is 2-ultrahomogeneous. By employing the classification theorem 
for finite simple groups, Buczak (1980) showed that the the Schlafli graph and its 
complement are the only two graphs which are 4-ultrahomogeneous without being 
5-ultrahomogeneous. 

The notion of ultrahomogeneity may be extended to infinite graphs. The count- 
able random graph G described in Exercise 13.2.18 has the property that if F’ and 
F’ are isomorphic induced subgraphs of G’, then any isomorphism between F' and 
F’ can be extended to an automorphism of G. Further information about ultraho- 
mogeneous graphs may be found in Cameron (1983) and Devillers (2002). 
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3.1 Walks and Connection 


WALKS 


In Section 1.1, the notion of connectedness was defined in terms of edge cuts. Here, 
we give an alternative definition based on the notion of a walk in a graph. 

A walk in a graph G is a sequence W := ve v1 .-- Ve_1 eve, Whose terms are 
alternately vertices and edges of G (not necessarily distinct), such that vj_1 and 
vu; are the ends of e;, 1 <i < ¢. (We regard loops as giving rise to distinct walks 
with the same sequence, because they may be traversed in either sense. Thus if e 
is a loop incident with a vertex v, we count the walk vev not just once, but twice.) 
If v9 = x and vg = y, we say that W connects x to y and refer to W as an xry-walk. 
The vertices x and y are called the ends of the walk, x being its initial vertex and 
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y its terminal vertex; the vertices v1, ...,vg_1 are its internal vertices. The integer 
£ (the number of edge terms) is the length of W. An a-walk is a walk with initial 
vertex x. If u and v are two vertices of a walk W, where wu precedes v on W, the 
subsequence of W starting with u and ending with v is denoted by uWv and called 
the segment of W from u to v. The notation uWv is also used simply to signify a 
uv-walk W. 

In a simple graph, a walk voe1v1 ...ve_1eeve is determined, and is commonly 
specified, by the sequence vgv, ... ue of its vertices. Indeed, even if a graph is not 
simple, we frequently refer to a sequence of vertices in which consecutive terms 
are adjacent vertices as a ‘walk’. In such cases, it should be understood that the 
discussion is valid for any walk with that vertex sequence. This convention is 
especially useful in discussing paths, which may be viewed as walks whose vertices 
(and edges) are distinct. 

A walk in a graph is closed if its initial and terminal vertices are identical, and 
is a trail if all its edge terms are distinct. A closed trail of positive length whose 
initial and internal vertices are distinct is simply the sequence of vertices and edges 
of acycle. Reciprocally, with any cycle one may associate a closed trail whose terms 
are just the vertices and edges of the cycle. Even though this correspondence is 
not one-to-one (the trail may start and end at any vertex of the cycle, and traverse 
it in either sense), we often specify a cycle by describing an associated closed trail 
and refer to that trail as the cycle itself. 


CONNECTION 


Connectedness of pairs of vertices in a graph G is an equivalence relation on V. 
Clearly, each vertex x is connected to itself by the trivial walk W := az; also, if 
x is connected to y by a walk W, then y is connected to x by the walk obtained 
on reversing the sequence W; finally, for any three vertices, x, y, and z of G, 
if cWy and yW’z are walks, the sequence rWyW’'z, obtained by concatenating 
W and W’ at y, is a walk; thus, if x is connected to y and y is connected to z, 
then x is connected to z. The equivalence classes determined by this relation of 
connectedness are simply the vertex sets of the components of G (Exercise 3.1.3). 

If there is an xy-walk in a graph G, then there is also an xy-path (Exer- 
cise 3.1.1). The length of a shortest such path is called the distance between x and 
y and denoted dg(x,y). If there is no path connecting x and y (that is, if a and y 
lie in distinct components of G), we set dg(x, y) := 00. 

We may extend the notion of an xy-path to paths connecting subsets X and 
Y of V. An (X,Y)-path is a path which starts at a vertex of X, ends at a vertex 
of Y, and whose internal vertices belong to neither X nor Y; if F, and F 2 are 
subgraphs of a graph G, we write (F\, F2)-path instead of (V(F1), V(F2))-path. A 
useful property of connected graphs is that any two nonempty sets of vertices (or 
subgraphs) are connected by such a path (Exercise 3.1.4). 
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PROOF TECHNIQUE: EIGENVALUES 


We saw in Chapter 2 how certain problems can be solved by making use of 
arguments involving linear independence. Another powerful linear algebraic 
tool involves the computation of eigenvalues of appropriate matrices. Al- 
though this technique is suitable only for certain rather special problems, it 
is remarkably effective when applicable. Here is an illustration. 


A friendship graph is a simple graph in which any two vertices have exactly 
one common neighbour. By using a clever mixture of graph-theoretical and 
eigenvalue arguments, Erdés et al. (1966) proved that all friendship graphs 
have a very simple structure. 


Theorem 3.1 ‘THE FRIENDSHIP ‘THEOREM 

Let G be a simple graph in which any two vertices (people) have exactly one 
common neighbour (friend). Then G has a vertex of degree n—1 (a politician, 
everyone’s friend). 


Proof Suppose the theorem false, and let G be a friendship graph with 
A <n-—1. Let us show first of all that G is regular. Consider two nonad- 
jacent vertices x and y, where, without loss of generality, d(a) > d(y). By 
assumption, z and y have exactly one common neighbour, z. For each neigh- 
bour v of x other than z, denote by f(v) the common neighbour of v and 
y. Then f is a one-to-one mapping from N(x) \ {z} to N(y) \ {z}. Because 
|N(x)| = d(x) > d(y) = |N(y)|, we conclude that f is a bijection and hence 
that d(x) = d(y). Thus any two nonadjacent vertices of G have the same 
degree; equivalently, any two adjacent vertices of G have the same degree. 


In order to prove that G is regular, it therefore suffices to show that G is con- 
nected. But G has no singleton component, because 6(G) = n—1—A(G) > 0, 
and cannot have two components of order two or more, because G would then 
contain a 4-cycle, thus two vertices with two common neighbours. Therefore 
G is k-regular for some positive integer k. Moreover, by counting the number 
of 2-paths in G in two ways, we have n(5) = (5); that is,n =k? —k +1. 
Let A be the adjacency matrix of G. Then (Exercise 3.1.2) A? = J+ (k—1)I, 
where J is the n x n matrix all of whose entries are 1, and I is the n x n 
identity matrix. Because the eigenvalues of J are 0, with multiplicity n — 1, 
and n, with multiplicity 1, the eigenvalues of A? are k — 1, with multiplicity 
n—1,andn+k—1 = k?, with multiplicity 1. The graph G therefore has 
eigenvalues +k — 1, with total multiplicity n — 1, and k, with multiplicity 1 
(see Exercise 1.1.22a). 


Because G is simple, the sum of its eigenvalues, the trace of A, is zero. Thus 
tVk—1 =k for some integer t. But this implies that k = 2 and n = 3, 
contradicting the assumption that A <n-—1. 


Further applications of eigenvalues are outlined in Exercises 3.1.11 and 3.1.12. 
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The above notions apply equally to digraphs. If W := vgajv1...ve_1aeug is a 
walk in a digraph, an arc a; of W is a forward arc if vj_; is the tail of a; and v; 
is its head, and a reverse arc if v; is the tail of a; and v;_1 its head. The sets of 
forward and reverse arcs of W are denoted by Wt and W—, respectively. Walks in 
which all arcs are forward arcs, called directed walks, are discussed in Section 3.4. 

Connectedness plays an essential role in applications of graph theory. For ex- 
ample, the graph representing a communications network needs to be connected 
for communication to be possible between all vertices. Connectedness also plays a 
basic role in theoretical considerations. For instance, in developing an algorithm 
to determine whether a given graph is planar, we may restrict our attention to 
connected graphs, because a graph is planar if and only if each of its components 
is planar. 


Exercises 


*3.1.1 If there is an xy-walk in a graph G, show that there is also an xy-path in G. 


3.1.2 Let G be a graph with vertex set V and adjacency matrix A = (d,,). Show 
that the number of wv-walks of length k in G is the (u,v) entry of A¥*. 


*3.1.3 Show that the equivalence classes determined by the relation of connect- 
edness between vertices are precisely the vertex sets of the components of the 
graph. 


«3.1.4 Show that a graph G is connected if and only if there is an (X, Y)-path in 
G for any two nonempty subsets X and Y of V. 


3.1.5 Show that, in any graph G, the distance function satisfies the triangle in- 
equality: for any three vertices x, y, and z, d(x, y) + d(y,z) > d(a, z). 


3.1.6 POWER OF A GRAPH 

The kth power of a simple graph G = (V, E) is the graph G* whose vertex set is 
V, two distinct vertices being adjacent in G” if and only if their distance in G is 
at most k. The graph G? is referred to as the square of G, the graph G® as the 
cube of G. Consider P*, the kth power of a path on n vertices, where n > k? + k. 
Show that: 


a) d(P¥) > 2k—-1, 
b) 6(F) < k for every induced subgraph F of P¥. 


3.1.7 DIAMETER 
The diameter of a graph G is the greatest distance between two vertices of G. 


a) Let G be a simple graph of diameter greater than three. Show that G has 
diameter less than three. 
b) Deduce that every self-complementary graph has diameter at most three. 
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c) For k = 0,1, 2,3, give an example of a self-complementary graph of diameter 
k, if there is one. 


3.1.8 Show that if G is a simple graph of diameter two with A = n — 2, then 
m > 2n—4. 


3.1.9 Show that the incidence graph of a finite projective plane has diameter three. 


3.1.10 If the girth of a graph is at least 2h, show that its diameter is at least k. 


ee 


3.1.11 


a) Let G; and G2 be edge-disjoint copies of the Petersen graph on the same vertex 
set. Show that 2 is an eigenvalue of G1 U G2 by proceeding as follows. 

i) Observe that 1 is an eigenvector of both G and G2 corresponding to the 
eigenvalue 3. 

ii) Let S,; and Sj denote the eigenspaces of G, and Go, respectively, corre- 
sponding to the eigenvalue 1. (Since 1 is an eigenvalue of the Petersen 
graph with multiplicity five, S; and $2 are 5-dimensional subspaces of 
R?°.) Using the fact that 1 is orthogonal to both S; and $2, show that the 
dimension of SM Sz is at least one. 

iii) Noting that Acg,uc, = Ac, +Ac,, show that any nonzero vector in $1 S2 
is an eigenvector of G; U G2 corresponding to the eigenvalue 2. 

b) Appealing now to Exercises 1.3.2 and 1.3.11, conclude that Kyo cannot be 
decomposed into three copies of the Petersen graph. (A.J. SCHWENK) 


3.1.12 MOORE GRAPH 
A Moore graph of diameter d is a regular graph of diameter d and girth 2d + 1. 
Consider a k-regular Moore graph G of diameter two. 


a) Show that n = k? +1. 
b) Let A be the adjacency matrix of G and tr(A) its trace. 
i) Show that tr(A) = 0. 
ii) Evaluate the matrix A?+A, determine its eigenvalues and their multiplici- 
ties, and deduce the possible eigenvalues of A (but not their multiplicities). 
iii) Expressing tr(A) in terms of the eigenvalues of A and their multiplicities, 
and noting that these multiplicities are necessarily integers, conclude that 
such a graph G can exist only if k = 2,3, 7, or 57. 
(A.J. HOFFMAN AND R.R. SINGLETON) 
c) Find such a graph G for k = 2 and k = 3. 


(A 7-regular example, the Hoffman-—Singleton graph, discovered by Hoffman 
and Singleton (1960), is depicted in Figure 3.1; vertex i of P; is joined to 
vertex i+ jk (mod5) of Q,. A 57-regular example would have 3250 vertices. 
No such graph is known.) 


84 3 Connected Graphs 


Fig. 3.1. The Hoffman-Singleton graph 


3.1.13 CAGE 

A k-regular graph of girth g with the least possible number of vertices is called a 
(k, g)-cage. A (3, g)-cage is often simply referred to as a g-cage. Let f(k,g) denote 
the number of vertices in a (k,g)-cage. Observe that f(2,g) = g. 


a) For k > 3, show that: 
i) f(k,2r) > (2(k 1)" —2)/(e—2), 
ii) f(k,2r +1) > (k(k — 1)" — 2)/(k — 2). 
b) Determine all g-cages, g = 3,4,5,6. 
c) Show that the incidence graph of a projective plane of order k — 1 is a (k,6)- 
cage. 


(Singleton (1966) showed, conversely, that any (k,6)-cage of order 2(k? —k+ 1) is 
necessarily the incidence graph of a projective plane of order k — 1.) 


3.1.14 THE TUTTE-COXETER GRAPH 
A highly symmetric cubic graph, known as the Tutte—Coxeter graph, is shown in 
Figure 3.2. Show that: 


a) the Tutte-Coxeter graph is isomorphic to the bipartite graph G[X, Y] derived 
from Kg in the following manner. The vertices of X are the fifteen edges of Kg 
and the vertices of Y are the fifteen 1-factors of Kg, an element e of X being 
adjacent to an element F' of Y whenever e is an edge of the 1-factor F’. 

(H.S.M. COxETER) 

b) the Tutte-Coxeter graph is an 8-cage. 

(Tutte (1947b) showed that this graph is, in fact, the unique 8-cage.) 


3.1.15 t-ARC-TRANSITIVE GRAPH 

A walk (vo,v1,..-, Us) ina graph such that uj-1 4 vi4i, for 1 <i <t—1, is called 
a t-arc. A simple connected graph G is t-arc-transitive if, given any two t-arcs 
(Uo, V1,---,U¢) and (wo, W1,-.-, We), there is an automorphism of G which maps v; 
to w;, for 0 <i < t. (Thus a L-arc-transitive graph is the same as an arc-transitive 
graph, defined in Exercise 1.5.12.) Show that: 
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Fig. 3.2. The Tutte—Coxeter graph: the 8-cage 


a) K3.3 is 2-arc-transitive, 

b) the Petersen graph is 3-arc-transitive, 

c) the Heawood graph is 4-arc-transitive, 

d) the Tutte-Coxeter graph is 5-arc-transitive. 


(Tutte (1947b) showed that there are no t-arc-transitive cubic graphs when t > 5.) 


3.2 Cut Edges 


For any edge e of a graph G, it is easy to see that either c(G \ e) = c(G) or 
c(G \ e) = c(G) + 1 (Exercise 3.2.1). If c(G \ e) = c(G) + 1, the edge e is called a 
cut edge of G. Thus a cut edge of a connected graph is one whose deletion results 
in a disconnected graph. More generally, the cut edges of a graph correspond to 
its bonds of size one (Exercise 3.2.2). 

The graph in Figure 3.3 has three cut edges. 


Fig. 3.3. The cut edges of a graph 
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If e is a cut edge of a graph G, its ends x and y belong to different components 
of G\e, and so are not connected by a path in G'\ e; equivalently, e lies in no cycle 
of G. Conversely, if e = xy is not a cut edge of G, the vertices x and y belong to 
the same component of G \ e, so there is an xy-path P in G\e, and P+eisa 
cycle in G through e. Hence we have the following characterization of cut edges. 


Proposition 3.2 An edge e of a graph G is a cut edge if and only if e belongs to 
no cycle of G. 


Exercises 


*3.2.1 Show that if e € H, then either c(G \ e) = c(G) or c(G\ e) = c(G) +1. 


*3.2.2 Show that an edge e is a cut edge of a graph G if and only if {e} is a bond 
of G. 


3.2.3 Let G be a connected even graph. Show that: 


a) G has no cut edge, 
b) for any vertex vu € V, c(G—v) < $d(v). 


3.2.4 Let G be a k-regular bipartite graph with k > 2. Show that G has no cut 
edge. 


3.3 Euler Tours 


A trail that traverses every edge of a graph is called an Fuler trail, because Euler 
(1736) was the first to investigate the existence of such trails. In the earliest known 
paper on graph theory, he showed that it was impossible to cross each of the seven 
bridges of K6nigsberg once and only once during a walk through the town. A plan 
of Kénigsberg and the river Pregel is shown in Figure 3.4a. As can be seen, proving 
that such a walk is impossible amounts to showing that the graph in Figure 3.4b 
has no Euler trail. 

A tour of a connected graph G is a closed walk that traverses each edge of G at 
least once, and an Euler tour one that traverses each edge exactly once (in other 
words, a closed Euler trail). A graph is eulerian if it admits an Euler tour. 


FLEURY’S ALGORITHM 


Let G be an eulerian graph, and let W be an Euler tour of G with initial and 
terminal vertex u. Each time a vertex v occurs as an internal vertex of W, two 
edges incident with v are accounted for. Since an Euler tour traverses each edge 
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Fig. 3.4. The bridges of Konigsberg and their graph 


exactly once, d(v) is even for all v  u. Similarly, d(u) is even, because W both 
starts and ends at u. Thus an eulerian graph is necessarily even. 

The above necessary condition for the existence of an Euler tour in a connected 
graph also turns out to be sufficient. Moreover, there is a simple algorithm, due to 
Fleury (1883), which finds an Euler tour in an arbitrary connected even graph G 
(see also Lucas (1894)). Fleury’s Algorithm constructs such a tour of G by tracing 
out a trail subject to the condition that, at any stage, a cut edge of the untraced 
subgraph F is taken only if there is no alternative. 


Algorithm 3.3 FLEURY’s ALGORITHM 


INPUT: a connected even graph G and a specified vertex u of G 
Output: an Euler tour W of G starting (and ending) at u 
1: stW:=u,a@:=u, F:=G 
while Or(x) #0 do 
choose an edge e := xy € Op(x), where e is not a cut edge of F unless 
there is no alternative 
4: replaceuWa by uWaey, x by y, and F by F'\ e 
5: end while 
6: return W 


Theorem 3.4 If G is a connected even graph, the walk W returned by Fleury’s 
Algorithm is an Euler tour of G. 


Proof The sequence W is initially a trail, and remains one throughout the pro- 
cedure, because Fleury’s Algorithm always selects an edge of F' (that is, an as yet 
unchosen edge) which is incident to the terminal vertex x of W. Moreover, the 
algorithm terminates when 0(x) = 0, that is, when all the edges incident to the 
terminal vertex xz of W have already been selected. Because G is even, we deduce 
that x = u; in other words, the trail W returned by the algorithm is a closed trail 
of G. 

Suppose that W is not an Euler tour of G. Denote by X the set of vertices of 
positive degree in F when the algorithm terminates. Then X 4 @, and FX] is an 
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even subgraph of G. Likewise V \ X 4 Q, because u € V \ X. Since G is connected, 
Og(X) # 9. On the other hand, Or(X) = @. The last edge of Og(X) selected for 
inclusion in W was therefore a cut edge e = xy of F at the time it was chosen, with 
xe X andy€V\X (see Figure 3.5). But this violates the rule for choosing the 
next edge of the trail W, because the edges in Or(a), which were also candidates 
for selection at the time, were not cut edges of F’, by Theorem 2.10. 


Fig. 3.5. Choosing a cut edge in Fleury’s Algorithm 


The validity of Fleury’s Algorithm provides the following characterization of 
eulerian graphs. 


Theorem 3.5 A connected graph is eulerian if and only if it is even. 


Let now x and y be two distinct vertices of a graph G. Suppose that we wish 
to find an Euler ry-trail of G, if one exists. We may do so by adding a new edge e 
joining x and y. The graph G has an Euler trail connecting x and y if and only if 
G +e has an Euler tour (Exercise 3.3.3). Thus Fleury’s Algorithm may be adapted 
easily to find an Euler xy-trail in G, if one exists. 

We remark that Fleury’s Algorithm is an efficient algorithm, in a sense to be 
made precise in Chapter 8. When an edge is considered for inclusion in the current 
trail W, it must be examined to determine whether or not it is a cut edge of the 
remaining subgraph F’. If it is not, it is appended to W right away. On the other 
hand, if it is found to be a cut edge of F’, it remains a cut edge of F' until it is 
eventually selected for inclusion in W; therefore, each edge needs to be examined 
only once. In Chapter 7, we present an efficient algorithm for determining whether 
or not an edge is a cut edge of a graph. 

A comprehensive treatment of eulerian graphs and related topics can be found 
in Fleischner (1990, 1991). 


Exercises 


3.3.1 Which of the pictures in Figure 3.6 can be drawn without lifting one’s pen 
from the paper and without tracing a line more than once? 
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Fig. 3.6. Tracing pictures 


3.3.2 If possible, give an example of an eulerian graph G with n even and m odd. 
Otherwise, explain why there is no such graph. 


x3.3.3 Let G be a graph with two distinct specified vertices x and y, and let G+e 
be the graph obtained from G by the addition of a new edge e joining x and y. 


a) Show that G has an Euler trail connecting x and y if and only if G+ e has an 
Euler tour. 

b) Deduce that G has an Euler trail connecting x and y if and only if d(a) and 
d(y) are odd and d(v) is even for all v € V \ {a, y}. 


3.3.4 Let G be a connected graph, and let X be the set of vertices of G of odd 
degree. Suppose that |X| = 2k, where k > 1. 


a) Show that there are k edge-disjoint trails Qi, Qo, ..., Q~ in G such that 


E(G) = E(Qi) U E(Q2) U...U E(Qx). 
b) Deduce that G contains k edge-disjoint paths connecting the vertices of X in 
pairs. 


ee 


3.3.5 Let G be a nontrivial eulerian graph, and let v € V. Show that each v-trail 
in G can be extended to an Euler tour of G if and only if G — v is acyclic. 
(O. ORE) 


3.3.6 DOMINATING SUBGRAPH 
A subgraph F of a graph G is dominating if every edge of G has at least one end 
in F. Let G be a graph with at least three edges. Show that L(G) is hamiltonian 
if and only if G has a dominating eulerian subgraph. 

(F. HARARY AND C.ST.J.A. NASH-WILLIAMS) 


3.3.7 A cycle decomposition of a loopless eulerian graph G induces a family of 
pairs of edges of G, namely the consecutive pairs of edges in the cycles comprising 
the decomposition. Each edge thus appears in two pairs, and each trivial edge cut 
O(v), v € V, is partitioned into pairs. An Euler tour of G likewise induces a family 
of pairs of edges with these same two properties. A cycle decomposition and Eu- 
ler tour are said to be compatible if, for all vertices v, the resulting partitions of 
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O(v) have no pairs in common. Show that every cycle decomposition of a loopless 
eulerian graph of minimum degree at least four is compatible with some Euler 
tour. (A. KotTzic) 
(G. Sabidussi has conjectured that, conversely, every Euler tour of a loopless eule- 
rian graph of minimum degree at least four is compatible with some cycle decom- 
position; see Appendix A.) 


3.4 Connection in Digraphs 


As we saw earlier, in Section 3.1, the property of connection in graphs may be 
expressed not only in terms of edge cuts but also in terms of walks. By the same 
token, the property of strong connection, defined in terms of outcuts in Section 2.5, 
may be expressed alternatively in terms of directed walks. This is an immediate 
consequence of Theorem 3.6 below. 

A directed walk in a digraph D is an alternating sequence of vertices and arcs 


W := (v0, G1, U1,---, Ve—1, Qe, Ve) 


such that v;_; and vu; are the tail and head of a;, respectively, 1 <i < 0.) If x and 
y are the initial and terminal vertices of W, we refer to W as a directed (x, y)-walk. 
Directed trails, tours, paths, and cycles in digraphs are defined analogously. As for 
undirected graphs, the (u, v)-segment of a directed walk W, where u and v are two 
vertices of W, u preceding v, is the subsequence of W starting with u and ending 
with v, and is denoted uWv (the same notation as for undirected graphs). 

We say that a vertex y is reachable from a vertex x if there is a directed (a, y)- 
path. The property of reachability can be expressed in terms of outcuts, as follows. 


Theorem 3.6 Let x and y be two vertices of a digraph D. Then y is reachable 
from «x in D if and only if O*(X) 4 for every subset X of V which contains x 
but not y. 


Proof Suppose, first, that y is reachable from x by a directed path P. Consider 
any subset X of V which contains x but not y. Let u be the last vertex of P which 
belongs to X and let v be its successor on P. Then (u,v) € O(X), so OT(X) 4 O. 

Conversely, suppose that y is not reachable from x, and let X be the set of 
vertices which are reachable from x. Then « € X and y ¢ X. Furthermore, because 
no vertex of V \ X is reachable from x, the outcut 0*(X) is empty. 


In a digraph D, two vertices x and y are strongly connected if there is a directed 
(a, y)-walk and also a directed (y,a)-walk (that is, if each of « and y is reachable 
from the other). Just as connection is an equivalence relation on the vertex set 
of a graph, strong connection is an equivalence relation on the vertex set of a 
digraph (Exercise 3.4.1). The subdigraphs of D induced by the equivalence classes 


' Thus a walk in a graph corresponds to a directed walk in its associated digraph. This 
is consistent with our convention regarding the traversal of loops in walks. 
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with respect to this relation are called the strong components of D. The strong 
components of the digraph shown in Figure 3.7a are indicated in Figure 3.7b. We 
leave it to the reader to verify that a digraph is strong if and only if it has exactly 


one strong component (Exercise 3.4.2). 
an 9 
e yy 
ae 


(a) (0) 


Fig. 3.7. (a) A digraph and (b) its strong components 


A directed Euler trail is a directed trail which traverses each arc of the digraph 
exactly once, and a directed Euler tour is a directed tour with this same property. 
A digraph is eulerian if it admits a directed Euler tour. There is a directed version 
of Theorem 3.5, whose proof we leave as an exercise (3.4.8). 


Theorem 3.7 A connected digraph is eulerian if and only if it is even. 


Exercises 


«3.4.1 Show that strong connection is an equivalence relation on the vertex set of 
a digraph. 


*3.4.2 Show that a digraph is strong if and only if it has exactly one strong com- 
ponent. 


x3.4.3 Let C be a strong component of a digraph D, and let P be a directed path 
in D connecting two vertices of C. Show that P is contained in C. 


3.4.4 Let D be a digraph with adjacency matrix A = (d,,.,). Show that the number 
of directed (u, v)-walks of length k in D is the (u,v) entry of A¥*. 


3.4.5 Show that every tournament is either strong or can be transformed into a 
strong tournament by the reorientation of just one arc. 


x3.4.6 CONDENSATION OF A DIGRAPH 


a) Show that all the arcs linking two strong components of a digraph have their 
tails in one strong component (and their heads in the other). 
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b) The condensation C(D) of a digraph D is the digraph whose vertices corre- 
spond to the strong components of D, two vertices of C(D) being linked by 
an arc if and only if there is an arc in D linking the corresponding strong 
components, and with the same orientation. Draw the condensations of: 

i) the digraph of Figure 3.7a, 
ii) the four tournaments of Figure 1.25. 

c) Show that the condensation of any digraph is acyclic. 

d) Deduce that: 

i) every digraph has a minimal strong component, namely one that dominates 
no other strong component, 
ii) the condensation of any tournament is a transitive tournament. 


3.4.7 A digraph is unilateral if any two vertices x and y are connected either by a 
directed (a, y)-path or by a directed (y,)-path, or both. Show that a digraph is 
unilateral if and only if its condensation has a directed Hamilton path. 


x3.4.8 Prove Theorem 3.7. 


3.4.9 DE BRUIJN-GOoD DIGRAPH 

The de Bruijn—Good digraph BG, has as vertex set the set of all binary sequences of 
length n, vertex a,a2...@,, being joined to vertex b;b2...b, if and only if aj41 = 6; 
for 1 <i <n-—1. Show that BG’, is an eulerian digraph of order 2” and directed 
diameter n. 


3.4.10 DE BRUIJN-GOOD SEQUENCE 

A circular sequence 81S2...8 gn of zeros and ones is called a de Bruijn—Good se- 
quence of order n if the 2" subsequences $;$j41...Siin—1, | < 4 < 2” (where 
subscripts are taken modulo 2”) are distinct, and so constitute all possible bi- 
nary sequences of length n. For example, the sequence 00011101 is a de Bruijn— 
Good sequence of order three. Show how to derive such a sequence of any 
order n by considering a directed Euler tour in the de Bruijn—Good digraph 
BGp-1. (N.G. DE Bruin; I.J. Goon) 
(An application of de Bruijn—Good sequences can be found in Chapter 10 of Bondy 
and Murty (1976).) 


*3.4.11 


a) Show that a digraph which has a closed directed walk of odd length contains 
a directed odd cycle. 

b) Deduce that a strong digraph which contains an odd cycle contains a directed 
odd cycle. 


*3.4.12 Show that: 


a) every nontrivial strong tournament has a directed Hamilton cycle, 
(P. CAMION) 
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b) each vertex of a nontrivial strong tournament D is contained in a directed 


cycle of every length 1,3 <1 <n, (J.W. Moon) 
c) each arc of an even tournament D is contained in a directed cycle of every 
length 1,3<l<n. (B. ALSPACH) 


3.5 Cycle Double Covers 


In this section, we discuss a beautiful conjecture concerning cycle coverings of 
graphs. In order for a graph to admit a cycle covering, each of its edges must 
certainly lie in some cycle. On the other hand, once this requirement is fulfilled, the 
set of all cycles of the graph clearly constitutes a covering. Thus, by Proposition 3.2, 
a graph admits a cycle covering if and only if it has no cut edge. We are interested 
here in cycle coverings which cover no edge too many times. 

Recall that a decomposition is a covering in which each edge is covered exactly 
once. According to Veblen’s Theorem (2.7), the only graphs which admit such 
cycle coverings are the even graphs. Thus, if a graph has vertices of odd degree, 
some edges will necessarily be covered more than once in a cycle covering. One is 
led to ask whether every graph without cut edges admits a cycle covering in which 
no edge is covered more than twice. 

All the known evidence suggests that this is indeed so. For example, each of 
the platonic graphs (shown in Figure 1.14) has such a cycle covering consisting of 
its facial cycles, those which bound its regions, or faces, as in Figure 3.8. More 
generally, the same is true of all polyhedral graphs, and indeed of all planar graphs 
without cut edges, as we show in Chapter 10. 


Fig. 3.8. A double covering of the cube by its facial cycles 


In the example of Figure 3.8, observe that any five of the six facial cycles 
already constitute a cycle covering. Indeed, the covering shown, consisting of all 
six facial cycles, covers each edge exactly twice. Such a covering is called a cycle 
double cover of the graph. It turns out that cycle coverings and cycle double covers 
are closely related. 


Proposition 3.8 If a graph has a cycle covering in which each edge is covered at 
most twice, then it has a cycle double cover. 
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Proof Let C be a cycle covering of a graph G in which each edge is covered at 
most twice. The symmetric difference A{ E(C)|C € C} of the edge sets of the cycles 
in C is then the set of edges of G which are covered just once by C. Moreover, by 
Corollary 2.16, this set of edges is an even subgraph C’ of G. By Veblen’s Theorem 
(2.7), C’ has a cycle decomposition C’. It is now easily checked that C UC’ is a 
cycle double cover of G. 


Motivated by quite different considerations, Szekeres (1973) and Seymour 
(1979b) each put forward the conjecture that every graph without cut edges admits 
a cycle double cover. 


THE CYCLE DOUBLE COVER CONJECTURE 


Conjecture 3.9 Every graph without cut edges has a cycle double cover. 


A graph has a cycle double cover if and only if each of its components has one. 
Thus, in order to prove the Cycle Double Cover Conjecture, it is enough to prove 
it for nontrivial connected graphs. Indeed, one may restrict one’s attention even 
further, to nonseparable graphs. Roughly speaking, these are the connected graphs 
which cannot be obtained by piecing together two smaller connected graphs at a 
single vertex. (Nonseparable graphs are defined and discussed in Chapter 5.) In 
the case of planar graphs, the boundaries of the faces in any planar embedding 
are then cycles, as we show in Chapter 10, and these facial cycles constitute a 
cycle double cover of the graph. This suggests one natural approach to the Cycle 
Double Cover Conjecture: find a suitable embedding of the graph on some surface, 
an embedding in which each face is bounded by a cycle; the facial cycles then form 
a cycle double cover. 

Consider, for example, the toroidal embeddings of the complete graph K7 and 
the Petersen graph shown in Figure 3.9. The torus is represented here by a rect- 
angle whose opposite sides are identified; identifying one pair of sides yields a 
cylinder, and identifying the two open ends of the cylinder results in a torus. In 
the embedding of K7, there are fourteen faces, each bounded by a triangle; these 
triangles form a cycle double cover of K’7. In the embedding of the Petersen graph, 
there are five faces; three are bounded by cycles of length five (faces A, B,C), one 
by a cycle of length six (face D), and one by a cycle of length nine (face E). These 
five cycles constitute a cycle double cover of the Petersen graph. 

The above approach to the Cycle Double Cover Conjecture, via surface embed- 
dings, is supported by the following conjecture, which asserts that every loopless 
nonseparable graph can indeed be embedded in some surface in an appropriate 
fashion. 
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Fig. 3.9. Toroidal embeddings of (a) the complete graph K7, and (b) the Petersen graph 


THE CIRCULAR EMBEDDING CONJECTURE 


Conjecture 3.10 Every loopless nonseparable graph can be embedded in some 
surface in such a way that each face in the embedding is bounded by a cycle. 


The origins of Conjecture 3.10 are uncertain. It was mentioned by W.T. Tutte 
(unpublished) in the mid-1960s, but was apparently already known at the time to 
several other graph-theorists, according to Robertson (2007). We discuss surface 
embeddings of graphs in greater detail in Chapter 10, and describe there a stronger 
conjecture on embeddings of graphs. 

Apart from its intrinsic beauty, due to the simplicity of its statement and the 
fact that it applies to essentially all graphs, the Cycle Double Cover Conjecture 
is of interest because it is closely related to a number of other basic problems in 
graph theory, including the Circular Embedding Conjecture. We encounter several 
more in future chapters. 


DOUBLE COVERS BY EVEN SUBGRAPHS 


There is another attractive formulation of the Cycle Double Cover Conjecture, in 
terms of even subgraphs; here, by an even subgraph we mean the edge set of such 
a subgraph. 

If a graph has a cycle covering, then it has a covering by even subgraphs because 
cycles are even subgraphs. Conversely, by virtue of Theorem 2.17, any covering by 
even subgraphs can be converted into a cycle covering by simply decomposing 
each even subgraph into cycles. It follows that a graph has a cycle double cover if 
and only if it has a double cover by even subgraphs. Coverings by even subgraphs 
therefore provide an alternative approach to the Cycle Double Cover Conjecture. 
If every graph without cut edges had a covering by at most two even subgraphs, 
such a covering would yield a cycle covering in which each edge was covered at 
most twice, thereby establishing the Cycle Double Cover Conjecture by virtue 
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of Proposition 3.8. Unfortunately, this is not the case. Although many graphs 
do indeed admit such coverings, many do not. The Petersen graph, for instance, 
cannot be covered by two even subgraphs (Exercise 3.5.3a). On the other hand, 
it may be shown that every graph without cut edges admits a covering by three 
even subgraphs (Theorem 21.21). 

Suppose, now, that every graph without cut edges does indeed have a cycle 
double cover. It is then natural to ask how few cycles there can be in such a 
covering; a covering with few cycles may be thought of as an efficient covering, 
in some sense. Let C be a cycle double cover of a graph G. As each edge of G is 


covered exactly twice, 
ye e(C) = 2m 


CEC 


Because e(C) < n for all C € C, we deduce that |C| > 2m/n, the average degree 
of G. In particular, if G is a complete graph K,,, the number of cycles in a cycle 
double cover of G must be at least n — 1. A cycle double cover consisting of no 
more than this number of cycles is called a small cycle double cover. Bondy (1990) 
conjectures that every simple graph G without cut edges admits such a covering. 


Conjecture 3.11 THE SMALL CYCLE DOUBLE COVER CONJECTURE 
Every simple graph without cut edges has a small cycle double cover. 


Several other strengthenings of the Cycle Double Cover Conjecture have been 
proposed. One of these is a conjecture put forward by Jaeger (1988). 


Conjecture 3.12 THE ORIENTED CYCLE DOUBLE COVER CONJECTURE 
Let G be a graph without cut edges. Then the associated digraph D(G) of G admits 
a decomposition into directed cycles of length at least three. 


Further information on these and a number of related conjectures can be found 
in the book by Zhang (1997). 


Exercises 


3.5.1 Show that every loopless graph has a double covering by bonds. 


3.5.2 Let {C),C2,C3} be a covering of a graph G by three even subgraphs such 
that Cy N C2 C3 = 0. Show that {C; A C2, Ci A C3} is a covering of G by two 
even subgraphs. 


«3.5.3 


a) Show that the Petersen graph has no covering by two even subgraphs. 

b) Deduce, using Exercise 3.5.2, that this graph has no double cover by four even 
subgraphs. 

c) Find a covering of the Petersen graph by three even subgraphs, and a double 
cover by five even subgraphs. 
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3.5.4 


a) i) Let {C1, Co} be a covering of a graph G by two even subgraphs. Show that 
{C,, C2,C, A C2} is a double cover of G by three even subgraphs. 
ii) Deduce that a graph has a covering by two even subgraphs if and only if 
it has a double cover by three even subgraphs. 


b) Let {Cy,C2,C3} be a covering of a graph G by three even subgraphs. Show 
that G has a quadruple cover (a covering in which each edge is covered exactly 
four times) by seven even subgraphs. 

(We show in Theorem 21.25 that every graph without cut edges has a coy- 
ering by three even subgraphs, and hence a quadruple cover by seven even 
subgraphs. ) 


3.5.5 Find a small cycle double cover of Kg. 


3.5.6 Find a decomposition of D( 6) into directed cycles of length at least three. 


2 
3.5.7 Show that every graph without cut edges has a uniform cycle covering. 


3.5.8 Let G be a graph, and let C be the set of all cycles of G. For C € C, denote 
by fc the incidence vector of C, and set Fe := {fo : C € C}. 


a) Let x € R®”. Show that: 
i) the vector x lies in the vector space generated by Fc if and only if the 
following two conditions hold: 
> a(e) = 0 for every cut edge e, 
> a(e) = 2(f) for every edge cut {e, f} of cardinality two, 
ii) if x is a nonnegative linear combination of vectors in Fc, then for any bond 
B of G and any edge e of B: 


ee)< SO aff) (3.1) 


fEeB\{e} 


(Seymour (1979b) showed that this necessary condition is also sufficient for 
a nonnegative vector x to be a nonnegative linear combination of vectors 
in Fe.) 

iii) if x is a nonnegative integer linear combination of vectors in Fe, then for 
any bond B, in addition to (3.1), x must satisfy the condition: 


S © x(e) = 0 (mod 2) (3.2) 


e€B 


b) With the aid of Exercise 2.4.6, give an example showing that conditions (3.1) 
and (3.2) are not sufficient for a nonnegative integer vector x in R¥ to be a 
nonnegative integer linear combination of vectors in Fe. 
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(Seymour (1979b) showed, however, that these two conditions are sufficient 
when G is a planar graph. Furthermore, he conjectured that they are sufficient 
in any graph if each component of x is an even integer. This conjecture clearly 
implies the Cycle Double Cover Conjecture. For related work, see Alspach et al. 
(1994).) 


3.6 Related Reading 


CAGES 


Cages were introduced in Exercise 3.1.13. There are many interesting examples of 
such graphs, the Petersen graph and the Heawood graph being but two. Numerous 
others are described in the survey by Wong (1982). Two particularly interesting 
infinite families of examples are those constructed from projective geometries by 
Benson (1966), namely the (&,8)- and (k, 12)-cages, where k — 1 is a prime power. 
For ¢ = 3,5, the Benson cages furnish examples of dense graphs (graphs with many 
edges) containing no 2¢-cycles. For ¢ = 2, examples are provided by polarity graphs 
of projective planes (see Exercises 12.2.12, 12.2.13, and 12.2.14.) The question as 
to how many edges a graph on n vertices can have without containing a 2¢-cycle 
is unsolved for other values of ¢, and in particular for = 4; see Appendix A. 

The study of directed cages, smallest k-diregular digraphs with specified di- 
rected girth g, was initiated by Behzad et al. (1970). They conjectured that the 
directed circulants on k(g — 1) + 1 vertices in which each vertex dominates the k 
vertices succeeding it are directed cages. This conjecture remains open; see Ap- 
pendix A. 
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4.1 Forests and Trees 


Recall that an acyclic graph is one that contains no cycles. A connected acyclic 
graph is called a tree. The trees on six vertices are shown in Figure 4.1. According 
to these definitions, each component of an acyclic graph is a tree. For this reason, 
acyclic graphs are usually called forests. 

In order for a graph to be connected, there must be at least one path between 
any two of its vertices. The following proposition, an immediate consequence of 
Exercise 2.2.12, says that trees are the connected graphs which just meet this 
requirement. 


Proposition 4.1 In a tree, any two vertices are connected by exactly one path. 


Following Diestel (2005), we denote the unique path connecting vertices « and 
y ina tree T by «Ty. 

By Theorem 2.1, any graph in which all degrees are at least two contains a cycle. 
Thus, every tree contains a vertex of degree at most one; moreover, if the tree is 
nontrivial, it must contain a vertex of degree exactly one. Such a vertex is called 
a leaf of the tree. In fact, the following stronger assertion is true (Exercise 2.1.2). 
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Fig. 4.1. The trees on six vertices 


Proposition 4.2 Every nontrivial tree has at least two leaves. 


If a is a leaf of a tree T, the subgraph T—z is a tree with v([—2) = v(T)—1 and 
e(T — x) = e(T) — 1. Because the trivial tree has no edges, we have, by induction 
on the number of vertices, the following relationship between the numbers of edges 
and vertices of a tree. 


Theorem 4.3 If T is a tree, then e(T) = v(T) — 1. 


ROOTED TREES AND BRANCHINGS 


A rooted tree T(x) is a tree T with a specified vertex x, called the root of T. An 
orientation of a rooted tree in which every vertex but the root has indegree one is 
called a branching. We refer to a rooted tree or branching with root w as an x-tree 
or x-branching, respectively. 

There is an evident bijection between x-trees and x-branchings. An x-path thus 
give rise to a simple example of a branching, a directed x-path. Another example 
of a branching is shown in Figure 4.2. 

Observe that the root of this branching is a source. This is always so, because 
the sum of the indegrees of a digraph is equal to its number of arcs (Exercise 1.5.2) 
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Fig. 4.2. A branching 
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which, in the case of a branching B, is v(B) — 1 by Theorem 4.3. Observe, also, 
that every vertex of a branching is reachable from its root by a unique directed 
path. Conversely, in any digraph, reachability from a vertex may be expressed in 
terms of its branchings. We leave the proof of this fact as an exercise (4.1.6). 


Theorem 4.4 Let x be a vertex of a digraph D, and let X be the set of vertices 
of D which are reachable from x. Then there is an x-branching in D with vertex 
set X. 


PROOF TECHNIQUE: ORDERING VERTICES 


Among the n! linear orderings of the n vertices of a graph, certain ones are 
especially interesting because they encode particular structural properties. An 
elementary example is an ordering of the vertices according to their degrees, 
in decreasing order. More interesting orderings can be obtained by considering 
the global structure of the graph, rather than just its local structure, as in 
Exercise 2.2.18. We describe a second example here. Others will be encoun- 
tered in Chapters 6, 14, and 19, as well as in a number of exercises. 

In general, graphs contain copies of many different trees. Indeed, every simple 
graph with minimum degree k contains a copy of each rooted tree on k + 1 
vertices, rooted at any given vertex of the graph (Exercise 4.1.9). The analo- 
gous question for digraphs (with rooted trees replaced by branchings) is much 
more difficult. However, in the case of tournaments it can be answered by 
considering a rather natural ordering of the vertices of the tournament. 


A median order of a digraph D = (V, A) is a linear order vj, v2,...,Un of its 
vertex set V such that |{(u;,v;) : 7 < j}| (the number of arcs directed from 
left to right) is as large as possible. In the case of a tournament, such an 
order can be viewed as a ranking of the players which minimizes the number 
of upsets (matches won by the lower-ranked player). As we shall see, median 
orders of tournaments reveal a number of interesting structural properties. 
Let us first note two basic properties of median orders of tournaments (Ex- 
ercise 4.1.10). Let T be a tournament and v1, v2,...,Un a median order of T. 
Then, for any two indices 7,7 with 1<i<j<n: 


(M1) the interval v;, vj41,...,v; is a median order of the induced subtourna- 
ment T[{vi, vizi,---,U;}], 

(M2) vertex v; dominates at least half of the vertices vj41,vi+2,...,U;, and 
vertex vu; is dominated by at least half of the vertices v;, vi41,...,Uj;—1- 


In particular, each vertex v;, 1 < i < n, dominates its successor vj, 1. The 
sequence (v1, U2,--.-,Un) is thus a directed Hamilton path, providing an alter- 
native proof (see Locke (1995)) of Rédei’s Theorem (2.3): every tournament 
has a directed Hamilton path. 
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ORDERING VERTICES (CONTINUED) 


By exploiting the properties of median orders, Havet and Thomassé (2000) 
showed that large tournaments contain all large branchings. 


Theorem 4.5 Any tournament on 2k vertices contains a copy of each branch- 
ing on k +1 vertices. 


Proof Let v1, v2,...,va~ be a median order of a tournament T on 2k vertices, 
and let B be a branching on k+1 vertices. Consider the intervals v1, v2,...,U;, 
1 <i< 2k. We show, by induction on k, that there is a copy of B in T whose 
vertex set includes at least half the vertices of any such interval. 

This is clearly true for k = 1. Suppose, then, that k > 2. Delete a leaf y of B to 
obtain a branching B’ on k vertices, and set T’ := T — {vox~-1, vox}. By (M1), 
V1, U2,-..,V2k—2 i8 a median order of the tournament JT’, so there is a copy 
of B’ in T’ whose vertex set includes at least half the vertices of any interval 
U1, V2,---,U;, 1 <i < 2k—2. Let x be the predecessor of y in B. Suppose that 
x is located at vertex v; of T’. In T, by (M2), v; dominates at least half of 


the vertices vj+1, Viz2,---,V2k, thus at least k — i/2 of these vertices. On the 
other hand, B’ includes at least (i — 1)/2 of the vertices v1, v2,...,vj-1, thus 
at most k — (¢+1)/2 of the vertices vj11, Ujt2,---, Vax. It follows that, in T, 


there is an outneighbour v; of v;, where i+ 1 < j < 2k, which is not in B’. 
Locating y at v;, and adding the vertex y and arc (x,y) to B’, we now have a 
copy of B in T. It is readily checked that this copy of B satisfies the required 
additional property. 


Three further applications of median orders are described in Exer- 
cises 4.1.16, 4.1.17, and 4.1.18. 


Rooted trees and branchings turn out to be basic tools in the design of efficient 
algorithms for solving a variety of problems involving reachability, as we shall show 
in Chapter 6. 


Exercises 


4.1.1 


a) Show that every tree with maximum degree k has at least k leaves. 
b) Which such trees have exactly k leaves? 


4.1.2 Show that the following three statements are equivalent. 


a) G is connected and has n — 1 edges. 
b) G is a forest and has n — 1 edges. 
c) G is a tree. 
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4.1.3 A saturated hydrocarbon is a molecule C,,H, in which every carbon atom 
(C) has four bonds, every hydrogen atom (H) has one bond, and no sequence of 
bonds forms a cycle. Show that, for any positive integer m, the molecule Ci, Hy 
can exist only if n = 2m + 2. 


4.1.4 Let G be a graph and F a maximal forest of G. Show that e(F’) = v(G) — 
c(G). 


4.1.5 Prove Theorem 4.3 by induction on the number of edges of G. 
*4.1.6 Prove Theorem 4.4. 


4.1.7 Show that a sequence (d1, d2,...,d,,) of positive integers is a degree sequence 
of a tree if and only if >, dj = 2(n— 1). 


4.1.8 CENTRE OF A GRAPH 
A centre of a graph G is a vertex u such that max{d(u,v) : vu € V} is as small as 
possible. 


a) Let T be a tree on at least three vertices, and let T’ be the tree obtained from 
T by deleting all its leaves. Show that T and T’ have the same centres. 
b) Deduce that every tree has either exactly one centre or two, adjacent, centres. 


4.1.9 


a) Show that any simple graph with minimum degree k contains a copy of each 
rooted tree on k + 1 vertices, rooted at any given vertex of the graph. 

b) Deduce that any simple graph with average degree at least 2(k — 1), where 
k — 1 is a positive integer, contains a copy of each tree on k + 1 vertices. 


(P. Erdés and V.T. Sdés (see Erdés (1964)) have conjectured that any simple graph 
with average degree greater than /;—1 contains a copy of each tree on k+1 vertices; 
see Appendix A.) 


4.1.10 Verify the properties (M1) and (M2) of median orders of tournaments. 


de 
4.1.11 Let G be a simple graph with vertex set V := {1,2,...,n}. 


a) Show that the set of transpositions S := {(7,7) : ij € E} generates all permu- 
tations of V if and only if G is connected. 

b) Deduce that S$ is a minimal set of transpositions that generates all permuta- 
tions of V if and only if G is a tree. 


4.1.12 Let S := {x1,%2,...,%,} be an n-set, and let A := {Aj, Ao,...,An} be 
a family of n distinct subsets of S. Construct a graph G with vertex set A, two 
vertices A; and A; being joined by an edge if their symmetric difference A; A A; 
is a singleton. Label the edge A;A,; by this singleton. By studying this labelled 
graph, prove that there is an element x, € S such that the sets A; U {a}, Ao U 
{tm},...,An U {am} are distinct. (J.A. BonDy) 
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4.1.13 Give an alternative proof of Exercise 4.1.12 by proceeding as follows. 
Suppose, by way of contradiction, that there is no such element x, € S, so that, for 
all i € [1,n], there exist distinct indices j(i) and k(i) such that Aj(;) {ai} = Agcy. 
Let M be the incidence matrix of the hypergraph ($,A) (so that m;; = 1 
if x; € A; and m,; = 0 otherwise), let ¢; denote the column vector with —1 in 
position j(i), 1 in position k(t), and Os elsewhere, let C denote the n x n matrix 
whose ith column is c;, and let j be the row vector all of whose entries are 1. Show 
that MC =I and jC = 0, and derive a contradiction. (J. GREENE) 


4.1.14 m identical pizzas are to be shared equally amongst n students. 


a) Show how this goal can be achieved by dividing the pizzas into a total of 
m+n —d pieces, where d is the greatest common divisor of m and n. 

b) By considering a suitable bipartite graph, show that no division into a smaller 
number of pieces will achieve the same objective. (H. Bass) 


4.1.15 Rooted trees T\(x%,) and T2(x2) are isomorphic if there is an isomorphism 
from T, to Tz mapping x; to x2. A rooted tree is uniform if the degree of a vertex 
depends only on its distance from the root. Prove that every xz-tree on n vertices 
has exactly n nonisomorphic uniform x-subtrees. 

(M.K. GOLDBERG AND I.A. KLIPKER) 


4.1.16 Let v1, v2,...,Un be a median order of an even tournament 7. Show that 
(U1, V2,---,;Un, U1) is a directed Hamilton cycle of T. (S. THOMASSE) 


4.1.17 A king in a tournament is a vertex v from which every vertex is reachable 
by a directed path of length at most two. Show that every tournament T has a 
king by proceeding as follows. 

Let v1, v2,..-,Un be a median order of T. 


a) Suppose that v; dominates v,, where i < j. Show that there is an index k with 
i<k<jsuch that v; dominates v; and v,z dominates v;. 
b) Deduce that v; is a king in T. (F. HAVET AND S. THOMASSE) 


4.1.18 A second outneighbour of a vertex v in a digraph is a vertex whose distance 
from v is exactly two. Show that every tournament T’ has a vertex with at least 
as many second outneighbours as (first) outneighbours, by proceeding as follows. 

Let v1, v2,.--,Un be a median order of a tournament 7. Colour the outneigh- 
bours of v, red, both v,, and those of its in-neighbours which dominate every red 
vertex preceding them in the median order black, and the remaining in-neighbours 
of uv, blue. (Note that every vertex of T is thereby coloured, because T is a tour- 
nament.) 


a) Show that every blue vertex is a second outneighbour of v,. 

b) Consider the intervals of the median order into which it is subdivided by the 
black vertices. Using property (M2), show that each such interval includes at 
least as many blue vertices as red vertices. 
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c) Deduce that v, has at least as many second outneighbours as outneighbours. 
(F. HAVET AND S. THOMASSE) 


(P. D. Seymour has conjectured that every oriented graph has a vertex with at 
least as many second outneighbours as outneighbours; see Appendix A) 


4.1.19 


a) Show that the cube of a tree on at least three vertices has a Hamilton cycle. 
(M. SEKANINA) 
b) Find a tree whose square has no Hamilton cycle. 


(Fleischner (1974) characterized the graphs whose squares have Hamilton cycles; 
see also Riha (1991).) 


*4.1.20 


a) Let T, and T> be subtrees of a tree T. Show that T, M T> and T, U T> are 
subtrees of T if and only if T, NT> 4 0. 

b) Let T be a family of subtrees of a tree T. Deduce, by induction on |T], that if 
any two members of J have a vertex in common, then there is a vertex of T 
which belongs to all members of T. (In other words, show that the family of 
subtrees of a tree have the Helly Property (defined in Exercise 1.3.7).) 


4.1.21 KOnIG’s LEMMA 
Show that every locally-finite infinite tree contains a one-way infinite path. 
(D. Konic) 


4.2 Spanning Trees 
A subtree of a graph is a subgraph which is a tree. If this tree is a spanning 


subgraph, it is called a spanning tree of the graph. Figure 4.3 shows a decomposition 
of the wheel W, into two spanning trees. 


Fig. 4.3. Two spanning trees of the wheel W4 


If a graph G has a spanning tree T’, then G is connected because any two 
vertices of G are connected by a path in 7, and hence in G. On the other hand, if 
G is a connected graph which is not a tree, and e is an edge of a cycle of G, then 
G \e is a spanning subgraph of G which is also connected because, by Proposition 
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3.2, e is not a cut edge of G. By repeating this process of deleting edges in cycles 
until every edge which remains is a cut edge, we obtain a spanning tree of G. 
Thus we have the following theorem, which provides yet another characterization 
of connected graphs. 


Theorem 4.6 A graph is connected if and only if it has a spanning tree. 


It is easy to see that every tree is bipartite. We now use Theorem 4.6 to derive 
a characterization of bipartite graphs. 


Theorem 4.7 A graph is bipartite if and only if it contains no odd cycle. 


Proof Clearly, a graph is bipartite if and only if each of its components is bipar- 
tite, and contains an odd cycle if and only if one of its components contains an 
odd cycle. Thus, it suffices to prove the theorem for connected graphs. 

Let GLX, Y] be a connected bipartite graph. Then the vertices of any path in G 
belong alternately to X and to Y. Thus, all paths connecting vertices in different 
parts are of odd length and all paths connecting vertices in the same part are of 
even length. Because, by definition, each edge of G has one end in X and one end 
in Y, it follows that every cycle of G is of even length. 

Conversely, suppose that G is a connected graph without odd cycles. By The- 
orem 4.6, G has a spanning tree T. Let x be a vertex of T. By Proposition 4.1, 
any vertex v of T is connected to x by a unique path in T’.. Let X denote the set of 
vertices v for which this path is of even length, and set Y := V \ X. Then (X,Y) 
is a bipartition of T. We claim that (X,Y) is also a bipartition of G. 

To see this, consider an edge e = wv of E(G) \ E(T), and let P := uTv be the 
unique wv-path in T’. By hypothesis, the cycle P+e is even, so P is odd. Therefore 
the ends of P, and hence the ends of e, belong to distinct parts. It follows that 
(X,Y) is indeed a bipartition of G. 


According to Theorem 4.7, either a graph is bipartite, or it contains an odd 
cycle, but not both. An efficient algorithm which finds, in a given graph, either a 
bipartition or an odd cycle is presented in Chapter 6. 


CAYLEY’S FORMULA 


There is a remarkably simple formula for the number of labelled trees on n vertices 
(or, equivalently, for the number of spanning trees in the complete graph K,,). 
This formula was discovered by Cayley (1889), who was interested in representing 
certain hydrocarbons by graphs and, in particular, by trees (see Exercise 4.1.3). 
A wide variety of proofs have since been found for Cayley’s Formula (see Moon 
(1967)). We present here a particularly elegant one, due to Pitman (1999). It 
makes use of the concept of a branching forest, that is, a digraph each of whose 
components is a branching. 
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Theorem 4.8 CAYLEY’S FORMULA 
The number of labelled trees on n vertices is n”~?. 


Proof We show, by counting in two ways, that the number of labelled branchings 
on n vertices is n”~!. Cayley’s Formula then follows directly, because each labelled 
tree on n vertices gives rise to n labelled branchings, one for each choice of the 
root vertex. 

Consider, first, the number of ways in which a labelled branching on n vertices 
can be built up, one edge at a time, starting with the empty graph on n vertices. In 
order to end up with a branching, the subgraph constructed at each stage must be a 
branching forest. Initially, this branching forest has n components, each consisting 
of an isolated vertex. At each stage, the number of components decreases by one. If 
there are & components, the number of choices for the new edge (u,v) is n(k — 1): 
any one of the n vertices may play the role of u, whereas v must be the root of 
one of the k —1 components which do not contain u. The total number of ways of 
constructing a branching on n vertices in this way is thus 


II n(n—i) =n" !(n—-1)! 


On the other hand, any individual branching on n vertices is constructed exactly 
(n — 1)! times by this procedure, once for each of the orders in which its n — 1 
edges are selected. It follows that the number of labelled branchings on n vertices 
isn". 


Another proof of Cayley’s Formula is outlined in Exercise 4.2.11. 

We denote the number of spanning trees in an arbitrary graph G by ¢(G). 
Cayley’s Formula says that t(K,) = n"~?. There is a simple recursive formula 
relating the number of spanning trees of a graph G to the numbers of spanning 
trees in the two graphs G\e and G /e obtained from G' by deleting and contracting 
a link e (Exercise 4.2.1). 


Proposition 4.9 Let G be a graph and e a link of G. Then 


t(G) =t(G\e)+t(G/e) 


Exercises 


*4,2.1 Let G be a connected graph and e a link of G. 


a) Describe a one-to-one correspondence between the set of spanning trees of G 
that contain e and the set of spanning trees of G/e. 
b) Deduce Proposition 4.9. 


4.2.2 
a) Let G be a graph with no loops or cut edges. Show that t(G) > e(G). 


108 4 Trees 


b) For which such graphs does equality hold? 


4.2.3 Let G be a connected graph and let x be a specified vertex of G. A spanning 
x-tree T of G is called a distance tree of G with root x if dr(x,v) = dg(a,v) for 
allu eV. 


a) Show that G has a distance tree with root x. 
b) Deduce that a connected graph of diameter d has a spanning tree of diameter 
at most 2d. 


*4.2.4 Show that the incidence matrix of a graph is totally unimodular (defined 
in Exercise 1.5.7) if and only if the graph is bipartite. 


4.2.5 A fan is the join P V Kk, of a path P and a single vertex. Determine the 
numbers of spanning trees in: 


a) the fan F,, on n vertices, n > 2, 
b) the wheel W,, with n spokes, n > 3. 


4.2.6 Let G be an edge-transitive graph. 


a) Show that each edge of G lies in exactly (n — 1)t(G)/m spanning trees of G. 
b) Deduce that t(G \ e) = (m— n+ 1)t(G)/m and t(G /e) = (n — 1)t(G)/m. 
c) Deduce that t(K,,) is divisible by n, if n > 3, and that t(Kp,,) is divisible by 
2 
mM. 
d) Without appealing to Cayley’s Formula (Theorem 4.8), determine t(K‘4), 


t( Ks), and t(K3,3). 
4.2.7 


a) Let G bea simple graph on n vertices, and let H be the graph obtained from G 
by replacing each edge of G by k multiple edges. Show that t(H) = k”—'t(G). 

b) Let G be a graph on n vertices and m edges, and let H be the graph 
obtained from G by subdividing each edge of G k — 1 times. Show that 
A) = 0G), 


*4,.2.8 Using Theorem 4.7 and Exercise 3.4.11b, show that a digraph contains a 
directed odd cycle if and only if some strong component is not bipartite. 


*4,2.9 A branching in a digraph is a spanning branching if it includes all vertices 
of the digraph. 


a) Show that a digraph D has a spanning x-branching if and only if OT (X) 40 
for every proper subset X of V that includes 2. 

b) Deduce that a digraph is strongly connected if and only if it has a spanning 
u-branching for every vertex v. 


4.2.10 NONRECONSTRUCTIBLE INFINITE GRAPHS 

Let T' := T,, denote the infinite tree in which each vertex is of countably infinite 
degree, and let F' := 27, denote the forest consisting of two disjoint copies of T.. 
Show that (7, F’) is a nonreconstructible pair. 
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4.2.11 PRUFER CODE 

Let K, be the labelled complete graph with vertex set {1,2,...,n}, where 
n > 3. With each spanning tree T of K,, one can associate a unique sequence 
(t1,t2,...,tn—2), known as the Prtifer code of T, as follows. Let s; denote the first 
vertex (in the the ordered set (1,2,...,)) which is a leaf of T, and let t; be the 
neighbour of s; in TJ. Now let sg denote the first vertex which is a leaf of T — 5}, 
and t) the neighbour of sg in T’ — s,. Repeat this operation until t,,_2 is defined 
and a tree with just two vertices remains. (If n < 2, the Priifer code of T is taken 
to be the empty sequence.) 


a) List all the spanning trees of K4 and their Priifer codes. 

b) Show that every sequence (ti, t2,...,tn—2) of integers from the set {1,2,...,n} 
is the Priifer code of a unique spanning tree of K,,. 

c) Deduce Cayley’s Formula (see Theorem 4.8). (H. PRUFER) 


4.2.12 


a) For a sequence d1, d2,...,d,, of n positive integers whose sum is equal to 2n—2, 
let t(n; dy, d2,...,d,) denote the number of trees on n vertices v1, 02,..-,Un 
such that d(v;) = dj, 1 <i <n. Show that 


n—2 
trididas sd) = (4 a gs d _,) 


b) Apply the Multinomial Theorem to deduce Cayley’s Formula. 


4.2.13 By counting the number of branchings whose root lies in the m-set of Km», 
show that t( Kia.) =m" in. 


4.2.14 Show that the Petersen graph has 2000 spanning trees. 


4.2.15 Let T be a tree with vertex set V, and let f : V — V be a mapping with 
no fixed point. For v € V, denote by vt the successor of v on the path vT'f(v), 
and by Dy the digraph with vertex set V and arc set {(v,vt) : uv € V}. 


a) Show that each component of Dy contains a unique directed 2-cycle. 

b) The centroid of T is the set of all vertices v for which the largest component 
of T — v has as few vertices as possible. For v € V, let f(v) be a vertex of a 
largest component of T — v, and let (x,y,z) be a directed 2-cycle of Dy. Show 
that the centroid of T is contained in the set {x,y}, and hence consists either 
of one vertex or of two adjacent vertices. (C. JORDAN) 

c) An endomorphism of a simple graph G is a mapping f : V — V such that, for 
every ry € E, either f(a) = f(y) or f(x) f(y) € E. Let f be an endomorphism 
of T, and let (x,y,z) be a directed 2-cycle of Dy. 

i) Show that f(a) = y and f(y) =a. 
ii) Deduce that every endomorphism of a tree T' fixes either a vertex or an 
edge of T. (L. LovAsz) 
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d) Let T be a spanning tree of the n-cube Qy, let f(v) be the antipodal vertex 
of vertex v in Q,, (that is, the unique vertex whose distance from v is n), and 
let (x,y,z) be a directed 2-cycle of Dy. 

i) Show that dr(f(x), f(y)) = 2n-1. 
ii) Deduce that every spanning tree of Q, has a fundamental cycle of length 
at least 2n. (R.L. GRAHAM) 


4.2.16 Let G be a connected simple graph and T' a spanning tree of G. Consider 
the mapping ¢: (¥) \T => (5) (where T is regarded as a subset of E) defined by 
(xy) := {e, f}, where e and f are the first and last edges of the path «Ty. 


a) Show that the mapping ¢ is a bijection. 
b) Deduce that (%) — |T| = ('3!). 
c) Deduce Theorem 4.3. (N. GRAHAM, R.C. ENTRINGER, AND L. SZEKELY) 


4.3 Fundamental Cycles and Bonds 


The spanning trees of a connected graph, its even subgraphs, and its edge cuts 
are intimately related. We describe these relationships here. Recall that, in the 
context of even subgraphs, when we speak of a cycle we typically mean its edge 
set. Likewise, by a spanning tree, we understand in this context the edge set of the 
tree. Throughout this section, G denotes a connected graph and T a spanning tree 
of G. 


COTREES 


The complement EF \ T of a spanning tree T is called a cotree, and is denoted T. 
Consider, for example, the wheel W, shown in Figure 4.4a, and the spanning tree 
T := {1,2,4,5} indicated by solid lines. The cotree T is simply the set of light 
edges, namely {3,6,7,8}. 

By Proposition 4.1, for every edge e := xy of a cotree T of a graph G, there is a 
unique xy-path in T connecting its ends, namely P := «Ty. Thus T+ e contains a 
unique cycle. This cycle is called the fundamental cycle of G with respect to T and 
e. For brevity, we denote it by C¢, the role of the tree T being implicit. Figure 4.4b 
shows the fundamental cycles of W4 with respect to the spanning tree {1,2,4,5}, 
namely C3 = {1,2,3,4}, Ce = {1,5,6}, C7 = {1,2,5, 7}, and Cg = {4,5,8}. 

One can draw interesting conclusions about the structure of a graph from the 
properties of its fundamental cycles with respect to a spanning tree. For example, 
if all the fundamental cycles are even, then every cycle of the graph is even and 
hence, by Theorem 4.7, the graph is bipartite. (This is the idea behind the proof 
of Theorem 4.7.) The following theorem and its corollaries show why fundamental 
cycles are important. 


Theorem 4.10 Let T be a spanning tree of a connected graph G, and let S be 
a subset of its cotree T. Then C := A{C. : e € S} is an even subgraph of G. 
Moreover, CONT =S, and C is the only even subgraph of G with this property. 
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Fig. 4.4. (a) A spanning tree T of the wheel W4, and (b) the fundamental cycles with 
respect to T’ 


Proof As each fundamental cycle C, is an even subgraph, it follows from Corol- 
lary 2.16 that C is an even subgraph, too. Furthermore, CT = S, because each 
edge of S appears in exactly one member of the family {C.: e € S}. 

Let C’ be any even subgraph of G such that C/N T = S. Then 


(CAC)AT=(CNARA(C'NT)=SAS=9 


Therefore the even subgraph C' A C’ is contained in T’. Because the only even 
subgraph contained in a tree is the empty even subgraph, we deduce that C’ = C. 


Corollary 4.11 Let T be a spanning tree of a connected graph G. Every even 
subgraph of G can be expressed uniquely as a symmetric difference of fundamental 
cycles with respect to T. 


Proof Let C be an even subgraph of G and let S := CMT. It follows from 
Theorem 4.10 that C = A{C, : e € S} and that this is the only way of expressing 
C as a symmetric difference of fundamental cycles with respect to T. 


The next corollary, which follows from Theorem 4.10 by taking S := has 


ig 
several interesting applications (see, for example, Exercises 4.3.9 and 4.3.10). 


Corollary 4.12 Every cotree of a connected graph is contained in a unique even 
subgraph of the graph. 


We now discuss the relationship between spanning trees and edge cuts. We 
show that, for each of the above statements concerning even subgraphs, there is 
an analogous statement concerning edge cuts. As before, let G be a connected 
graph and let T be a spanning tree of G. Note that, because T is connected and 
spanning, every nonempty edge cut of G contains at least one edge of T. Thus the 
only edge cut contained in the cotree T is the empty edge cut (just as the only 
even subgraph contained in T is the empty even subgraph). 

In order to be able to state the cut-analogue of Theorem 4.10, we need the 
notion of a fundamental bond. Let e := xy be an edge of T. Then T \ e has exactly 
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two components, one containing « and the other containing y. Let X denote the 
vertex set of the component containing z. The bond B, := O(X) is contained in 
T U fe} and includes e. Moreover, it is the only such bond. For, let B be any 
bond contained in T U {e} and including e. By Corollary 2.12, B A B, is an edge 
cut. Moreover, this edge cut is contained in T. But, as remarked above, the only 
such edge cut is the empty edge cut. This shows that B = B,.. The bond B. 
is called the fundamental bond of G with respect to T and e. For instance, the 
fundamental bonds of the wheel W4 with respect to the spanning tree {1,2,4,5} 
(indicated in Figure 4.5a) are B, = {1,3,6,7}, Bo = {2,3,7}, By = {3,4,8}, and 
Bs = {5,6,7,8} (see Figure 4.5b). 


1 
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5 6 
4 2 
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oe By Bo Ba Bs 
(a) (0) 


Fig. 4.5. (a) A spanning tree T of the wheel W4, and (b) the fundamental bonds with 
respect to T’ 


The proofs of the following theorem and its corollaries are similar to those of 
Theorem 4.10 and its corollaries, and are left as an exercise (Exercise 4.3.5). 


Theorem 4.13 Let T be a spanning tree of a connected graph G, and let S be a 
subset of T. Set B := A{B.: e € S}. Then B is an edge cut of G. Moreover 
BNT=S, and B is the only edge cut of G with this property. 


Corollary 4.14 Let T be a spanning tree of a connected graph G. Every edge cut 
of G can be expressed uniquely as a symmetric difference of fundamental bonds 
with respect to T. 


Corollary 4.15 Every spanning tree of a connected graph is contained in a unique 
edge cut of the graph. 


Corollaries 4.11 and 4.14 imply that the fundamental cycles and fundamental 
bonds with respect to a spanning tree of a connected graph constitute bases of its 
cycle and bond spaces, respectively, as defined in Section 2.6 (Exercise 4.3.6). The 
dimension of the cycle space of a graph is referred to as its cyclomatic number. 

In this section, we have defined and discussed the properties of fundamental 
cycles and bonds with respect to spanning trees in connected graphs. All the above 
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theorems are valid for disconnected graphs too, with maximal forests playing the 
role of spanning trees. 


Exercises 


4.3.1 Determine the fundamental cycles and fundamental bonds of W, with re- 
spect to the spanning tree shown in Figure 4.3 (using the edge labelling of Fig- 
ure 4.4). 


4.3.2 TREE EXCHANGE PROPERTY 
Let G be a connected graph, let T, and T> be (the edge sets of) two spanning trees 
of G, and let e € T; \ To. Show that: 


a) there exists f € Tz \ TJ; such that (T, \ {e}) U {f} is a spanning tree of G, 
b) there exists f € T> \ T such that (To \ {f}) U {e} is a spanning tree of G. 


(Each of these two facts is referred to as a Tree Exchange Property.) 


4.3.3 Let G be a connected graph and let S' be a set of edges of G. Show that the 
following statements are equivalent. 


a) S is a spanning tree of G. 
b) S contains no cycle of G, and is maximal with respect to this property. 
c) S meets every bond of G, and is minimal with respect to this property. 


4.3.4 Let G be a connected graph and let S' be a set of edges of G. Show that the 
following statements are equivalent. 


a) S is a cotree of G. 
b) S contains no bond of G, and is maximal with respect to this property. 
c) S meets every cycle of G, and is minimal with respect to this property. 


4.3.5 


a) Prove Theorem 4.13. 
b) Deduce Corollaries 4.14 and 4.15. 


4.3.6 


a) Let T be a spanning tree of a connected graph G. Show that: 
i) the fundamental cycles of G with respect to T form a basis of its cycle 
space, 
ii) the fundamental bonds of G with respect to T’ form a basis of its bond 
space. 
b) Determine the dimensions of these two spaces. 


(The cycle and bond spaces were defined in Section 2.6.) 


4.3.7 Let G be a connected graph, and let M be its incidence matrix. 
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a) Show that the columns of M corresponding to a subset S of F are linearly 
independent over GF'(2) if and only if G[S] is acyclic. 

b) Deduce that there is a one-to-one correspondence between the bases of the 
column space of M over GF(2) and the spanning trees of G. 


(The above statements are special cases of more general results, to be discussed in 
Section 20.2.) 


4.3.8 ALGEBRAIC DUALS 

An algebraic dual of a graph G is a graph H for which there is a bijection 0 : 
E(G) — E(#) mapping each cycle of G to a bond of H and each bond of G to a 
cycle of H. 


a) Show that: 
i) the octahedron and the cube are algebraic duals, 
ii) K3,3 has no algebraic dual. 

b) Let G be a connected graph and H an algebraic dual of G, with bijection 6. 
i) Show that T is a spanning tree of G if and only if @(7) is a cotree of H. 
ii) Deduce that t(G) = t(#). 


4.3.9 Show that any graph which contains a Hamilton cycle has a covering by two 
even subgraphs. 


*4.3.10 Show that any graph which contains two edge-disjoint spanning trees has: 


a) an eulerian spanning subgraph, 
b) a covering by two even subgraphs. 


4.4 Related Reading 


MATROIDS 


One of the characteristic properties of spanning trees of a connected graph is the 
Tree Exchange Property noted in Exercise 4.3.2a. Because the spanning trees of 
G correspond to bases of the incidence matrix M of G (Exercise 4.3.7), the Tree 
Exchange Property may be seen as a special case of the appropriate exchange 
property of bases of a vector space. Whitney (1935) observed that many essential 
properties of spanning trees, such as the ones described in Section 4.3, and more 
generally of bases of a vector space, may be deduced from that exchange property. 
Motivated by this observation, he introduced the notion of a matroid. 

A matroid is an ordered pair (E£,8), consisting of a finite set E of elements 
and a nonempty family 6 of subsets of EF, called bases, which satisfy the following 
Basis Exchange Property. 


If By, Bo © B and e € B, \ By then there exists f € Bz \ By such that 
(Bi \ {fe} Uff} eB 
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Let M be a matrix over a field F, let E’ denote the set of columns of M, and 
let B be the family of subsets of E which are bases of the column space of M. 
Then (£,8) is a matroid. Matroids which arise in this manner are called linear 
matroids. Various linear matroids may be associated with graphs, one example 
being the matroid on the edge set of a connected graph in which the bases are 
the edge sets of spanning trees. (In the matroidal context, statements concerning 
connected graphs extend easily to all graphs, the role of spanning trees being 
played by maximal forests when the graph is not connected.) 

Much of matroid-theoretic terminology is suggested by the two examples men- 
tioned above. For instance, subsets of bases are called independent sets, and mini- 
mal dependent sets are called circuits. In the matroid whose bases are the spanning 
trees of a connected graph G, the independent sets of the matroid are the forests 
of G and its circuits are the cycles of G. For this reason, this matroid is called the 
cycle matroid of G, denoted M(G). 

The dual of a matroid M = (E,B) is the matroid M* = (E, B*), where B* := 
{E\ B: B © B}. When M is the linear matroid associated with a matrix M, the 
bases of M™* are those subsets of E which are bases of the orthogonal complement of 
the column space of M. When M is the cycle matroid of a connected graph G, the 
bases of M* are the cotrees of G, and its circuits are the bonds of G. For this reason, 
the dual of the cycle matroid of a graph G is called the bond matroid of G, denoted 
M*(G). Many manifestations of this cycle-bond duality crop up throughout the 
book. The reader is referred to Oxley (1992) for a thorough account of the theory 
of matroids. 
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5.1 Cut Vertices 


In Chapter 3, we introduced the notion of a cut edge and discussed various proper- 
ties of connected graphs without cut edges. Here, we consider the analogous notion 
for vertices. There are, in fact, two closely related notions, that of a cut vertex and 
that of a separating vertex. 

A cut vertex of a graph G is a vertex v such that c(G—v) > c(G). In particular, a 
cut vertex of a connected graph is a vertex whose deletion results in a disconnected 
graph. This notion is illustrated in Figure 5.1, the cut vertices being indicated by 
solid dots. 

By Exercise 3.1.3, a graph is connected if any two of its vertices are connected by 
a path. Connected graphs without cut vertices have a stronger property, described 
in the theorem below. Two distinct paths are internally disjoint if they have no 
internal vertices in common. 


Theorem 5.1 A connected graph on three or more vertices has no cut vertices if 
and only if any two distinct vertices are connected by two internally disjoint paths. 
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Fig. 5.1. The cut vertices of a graph 


Proof Let G bea connected graph, and let v be a vertex of G. If any two vertices 
of G are connected by two internally disjoint paths, any two vertices of G — v are 
certainly connected by at least one path, so G — v is connected and v is not a cut 
vertex of G. This being so for each vertex v, the graph G has no cut vertices. 

Conversely, let G be a connected graph on at least three vertices, with no 
cut vertices. Consider any two vertices u and v of G. We prove, by induction on 
the distance d(u,v) between wu and v, that these vertices are connected by two 
internally disjoint paths. 

Suppose, first, that u and v are adjacent, and let e be an edge joining them. 
Because neither u nor v is a cut vertex, e is not a cut edge (Exercise 5.1.2) and 
therefore, by Proposition 3.2, lies in a cycle C' of G. It follows that u and v are 
connected by the internally disjoint paths wev and C \ e. 

Suppose, now, that the theorem holds for any two vertices at distance less than 
k, where k > 2, and let d(u,v) = k. Consider a wv-path of length k, and let v’ be 
the immediate predecessor of v on this path. Then d(u,v’) = k — 1. According to 
the induction hypothesis, u and v’ are connected by two internally disjoint paths, 
P’ and Q’ (see Figure 5.2). 

Because G has no cut vertices, G — v’ is connected and therefore contains a 
uv-path R’. The path R’ meets P’ UQ’ at u. Let x be the last vertex of R’ at 
which R’ meets P’ U Q’; without loss of generality, we may suppose that x lies on 
P'. Define P := uP'rR’v and Q := uQ’v'v. Then P and Q are internally disjoint 
uv-paths in G. 


Fig. 5.2. Proof of Theorem 5.1 
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Generalizations and variants of Theorem 5.1 are discussed in Chapter 7 and 
Chapter 9. 


Exercises 


5.1.1 Show that every nontrivial graph has at least two vertices that are not cut 
vertices. 


x5.1.2 Let G be a connected graph on at least three vertices, and let e = wv be a 
cut edge of G. Show that either u or v is a cut vertex of G. 


5.1.3 Let G be a nontrivial connected graph without cut vertices, and let H be 
obtained from G by adding a new vertex and joining it to two vertices of G. Show 
that H has no cut vertices. 


5.1.4 Let G be a nontrivial connected graph without cut vertices, and let X and 
Y be two (not necessarily disjoint) sets of vertices of G, each of cardinality at least 
two. Show that there are two disjoint (X,Y)-paths in G. 


5.1.5 Show that any two longest cycles in a loopless connected graph without cut 
vertices have at least two vertices in common. 


ee 


5.2 Separations and Blocks 


Whilst the notion of a cut vertex, as defined in Section 5.1, is the most natural 
analogue for vertices of the notion of cut edge, a slightly more general concept is 
needed for graphs which may have loops. 

A separation of a connected graph is a decomposition of the graph into two 
nonempty connected subgraphs which have just one vertex in common. This com- 
mon vertex is called a separating vertex of the graph. The separating vertices of 
a disconnected graph are defined to be those of its components. A cut vertex is 
clearly a separating vertex, but not conversely: a vertex incident with a loop and 
at least one other edge is a separating vertex but not necessarily a cut vertex. 
However, in a loopless graph, every separating vertex is indeed a cut vertex, so in 
this case the two concepts are identical. Whereas the graph shown in Figure 5.1 
has four cut vertices, it has five separating vertices, as indicated in Figure 5.3. 


NONSEPARABLE GRAPHS 


A graph is nonseparable if it is connected and has no separating vertices; otherwise, 
it is separable. Up to isomorphism, there are just two nonseparable graphs on one 
vertex, namely Ky, and Ky, with a loop attached. All nonseparable graphs on two 
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Fig. 5.3. The separating vertices of a graph 


or more vertices are loopless. Multiple edges play no role here: a loopless graph is 
nonseparable if and only if its underlying simple graph is nonseparable. Apart from 
ky, and Ko, the most basic nonseparable graphs are the cycles. Whitney (1932c) 
showed that nonseparable connected graphs may be characterized in terms of their 
cycles, as follows. 


Theorem 5.2 A connected graph is nonseparable if and only if any two of its edges 
lie on a common cycle. 


Proof If G is separable, it may be decomposed into two nonempty connected 
subgraphs, G; and G2, which have just one vertex v in common. Let e; be an edge 
of G; incident with v, i = 1,2. If either e; or eg is a loop, there is clearly no cycle 
including both e, and eg. If not, v is a cut vertex of G. Let v; be the other end of 
e;, 1 = 1,2. Then there is no v,v2-path in G —v, hence no cycle in G through both 
e, and eg. 

Conversely, suppose that G is nonseparable. Let e; and e2 be two edges of G. 
Subdivide e; by a new vertex v;, i = 1,2. The resulting graph H is also nonsepa- 
rable (Exercise 5.2.1). By Theorem 5.1, there is a cycle in H through v1 and vo, 
hence a cycle in G through e; and eg. 


BLOCKS 


A block of a graph is a subgraph which is nonseparable and is maximal with respect 
to this property. A nonseparable graph therefore has just one block, namely the 
graph itself. The blocks of a nontrivial tree are the copies of AK induced by its 
edges; and, in general, the blocks of a connected graph fit together in a treelike 
structure, as illustrated in Figure 5.4. In order to prove this assertion, we note first 
a number of basic facts about blocks. 


Proposition 5.3 Let G be a graph. Then: 


a) any two blocks of G have at most one vertex in common, 
b) the blocks of G form a decomposition of G, 
c) each cycle of G is contained in a block of G. 
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Fig. 5.4. (a) The blocks of the graph of Figure 5.3, and (b) its block tree 


Proof (a) We establish the claim by contradiction. Suppose that there are dis- 
tinct blocks B, and By with at least two common vertices. Note that B, and Bo 
are necessarily loopless. Because they are maximal nonseparable subgraphs of G, 
neither one contains the other, so B := B, U By properly contains both of them. 
Let v € V(B). Then B—v = (By, — v) U (Bz — v) is connected, because By, — v 
and B2 —v are both connected and have at least one common vertex. Thus B has 
no cut vertices, and so, being loopless, is nonseparable. But this contradicts the 
maximality of B, and Bo. 


(b) Each edge of G induces a nonseparable subgraph (on one or two vertices), 
hence is contained in a maximal nonseparable subgraph, or block, of G. On the 
other hand, no edge lies in two blocks, by (a). The blocks therefore constitute a 
decomposition of G. 


(c) As noted above, a cycle of G is a nonseparable subgraph, so is contained in a 
block of G. 


We may associate with any graph G a bipartite graph B(G) with bipartition 
(B,S), where B is the set of blocks of G and S the set of separating vertices of G, a 
block B and a separating vertex v being adjacent in B(G) if and only if B contains 
v. Each path in G connecting vertices in distinct blocks gives rise to a unique path 
in B(G) connecting these same blocks. It follows that if G is connected, so is 
B(G). Furthermore, B(G) is acyclic, because a cycle in B(G) would correspond to 
a cycle in G passing through two or more blocks, contradicting Proposition 5.3c. 
The graph B(G) is therefore a tree, called the block tree of G (see Figure 5.4b). 
If G is separable, the blocks of G which correspond to leaves of its block tree are 
referred to as its end blocks. An internal vertex of a block of a graph G is a vertex 
which is not a separating vertex of G. 

By using this tree structure, one can deduce most properties of connected 
graphs from the properties of their blocks, just as one can deduce most proper- 
ties of graphs from those of their components. In other words, one can usually 
reduce the study of all graphs to the study of their blocks. Examples are given in 
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Exercises 5.2.5 and 5.2.8b. Another is provided by Proposition 5.3, which implies 
that a graph has a cycle double cover if and only if each of its blocks has one. 
It therefore suffices to prove the Cycle Double Cover Conjecture for nonseparable 
graphs. In fact, it suffices to prove the conjecture for nonseparable cubic graphs. 
This reduction is based on the operation of splitting off edges from a vertex (see 
inset). 

In the next section, we describe how any nonseparable graph other than Kk, 
and Ky can be built up in a very simple way by starting with a cycle and adding 
paths. We then make use of this structure to deduce several important properties 
of nonseparable graphs. 


PROOF TECHNIQUE: SPLITTING OFF EDGES 


Let v be a vertex of a graph G, and let e; := vv; and e2 := vu2 be two edges 
of G incident to v. The operation of splitting off the edges e; and eg from vu 
consists of deleting e; and e2 and then adding a new edge e joining v; and 
vg. This operation is illustrated in Figure 5.5b. (Note that if vj = ve, then 
splitting off e; and eg from v amounts to replacing these edges by a loop at 
V, = V2.) The following theorem, due to Fleischner (1992), shows that under 
certain conditions it can be performed without creating cut edges. 


Theorem 5.4 THE SPLITTING LEMMA 

Let G be a nonseparable graph and let v be a vertex of G of degree at least 
four with at least two distinct neighbours. Then some two nonparallel edges 
incident to v can be split off so that the resulting graph is connected and has 
no cut edges. 


Proof There are two graphs on three vertices and five edges which satisfy 
the hypotheses of the theorem, and it may be readily checked that the theorem 
holds for these two graphs. We proceed by induction on m. Let f be an edge 
of G not incident to v, and set H := G \ f. If v is an internal vertex of some 
block B of H, the theorem follows by induction applied to B and v. So we 
may assume that v is a cut vertex of H. Because G is nonseparable, the block 
tree of H is a path (Exercise 5.2.11), and the edge f links internal vertices of 
the two endblocks of H, as illustrated in Figure 5.5a. 


Let e; and e2 be two edges incident with v and lying in distinct blocks of 
H. Consider the graph G’ derived from G by splitting off e; and eg. It may 
be checked that G’ is connected and that each edge of G’ lies in a cycle 
(Exercise 5.2.9). By Proposition 3.2, G’ has no cut edges. 
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Fig. 5.5. Proof of Theorem 5.4: (a) The block path H and the edge f, (b) the graph G’ 


SPLITTING OFF EDGES (CONTINUED) 


Here is the promised application of the Splitting Lemma to cycle double cov- 
ers. 


Theorem 5.5 The Cycle Double Conjecture is true if and only if it is true 
for all nonseparable cubic graphs. 


Proof We have already noted that it suffices to prove the Cycle Double Cover 
Conjecture for nonseparable graphs. Consider such a graph G. By Veblen’s 
Theorem, we may assume that G has at least one vertex of odd degree. If G has 
a vertex v of degree two, with neighbours u and w, let G’ be the nonseparable 
graph obtained from G — v on adding a new edge joining u and w. If G has 
a vertex v of degree four or more, let G’ be a nonseparable graph obtained 
from G by splitting off two edges incident to v. In both cases, it is easy to 
see that if G’ has a cycle double cover, then so has G. Applying these two 
operations recursively results in a nonseparable cubic graph H, and if H has 
a cycle double cover, then so has G. 


For another application of the Splitting Lemma, see Exercise 5.2.12. 
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Exercises 


x5.2.1 Let G be a nonseparable graph, and let e be an edge of G. Show that the 
graph obtained from G by subdividing e is nonseparable. 


*5.2.2 Let G be a graph, and let e be an edge of G. Show that: 


a) if G\ e is nonseparable and e is not a loop of G, then G is nonseparable, 
b) if G/e is nonseparable and e is neither a loop nor a cut edge of G, then G is 
nonseparable. 


5.2.3 Let G be a graph, and let & denote the binary relation on FE defined by 


en f if and only if either e = f or there is a cycle of G containing both e and f. 
Show that: 


a) the relation < is an equivalence relation on E, 
b) the subgraphs of G induced by the equivalence classes under this relation are 
its nontrivial blocks. 


5.2.4 Show that a connected separable graph has at least two end blocks. 


5.2.5 Show that: 


a) a graph is even if and only if each of its blocks is even, 
b) a graph is bipartite if and only if each of its blocks is bipartite. 


5.2.6 We denote a graph G with two distinguished vertices and y by G(z, y). 
Prove the following edge analogue of Theorem 5.1. 

Let G(x,y) be a connected graph without cut edges. Then there exist two edge- 
disjoint xy-paths in G. 


5.2.7 


a) Let G(x,y) be a nonseparable graph. Show that all wy-paths in G have the 
same parity if and only if G is bipartite. 

b) Deduce that each edge of a nonseparable nonbipartite graph lies in an odd 
cycle. 


x5.2.8 


a) Let B be a block of a graph G, and let P be a path in G connecting two 
vertices of B. Show that P is contained in B. 

b) Deduce that a spanning subgraph T of a connected graph G is a spanning tree 
of G if and only if TM B is a spanning tree of B for every block B of G. 


*5.2.9 Consider the graph G’ arising in the proof of Theorem 5.4. Show that: 


a) G’ is connected, 
b) each edge of G’ lies in a cycle. 
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5.2.10 Construct a nonseparable graph each vertex of which has degree at least 
four and at least two distinct neighbours, and in which splitting off any two adja- 
cent edges results in a separable graph. 


*5.2.11 Let G be a nonseparable graph, and let e be an edge of G such that G \ e 
is separable. Show that the block tree of G \ e is a path. 
(G.A. Dirac; M.D. PLUMMER) 


5.2.12 


a) By employing the splitting-off operation, show that every even graph has an 
odd number of cycle decompositions. 
b) Deduce that each edge of an even graph lies in an odd number of cycles. 
(S. Torpa) 


5.3 Ear Decompositions 


Apart from Ky and Ko, every nonseparable graph contains a cycle. We describe 
here a simple recursive procedure for generating any such graph starting with an 
arbitrary cycle of the graph. 

Let F' be a subgraph of a graph G. An ear of F in G is a nontrivial path in G 
whose ends lie in F' but whose internal vertices do not. 


Proposition 5.6 Let F be a nontrivial proper subgraph of a nonseparable graph 
G. Then F has an ear in G. 


Proof If F isaspanning subgraph of G, the set E(G)\ E(F) is nonempty because, 
by hypothesis, F' is a proper subgraph of G. Any edge in E(G) \ E(F) is then an 
ear of F in G. We may suppose, therefore, that F' is not spanning. 

Since G is connected, there is an edge xy of G with « € V(F) and y € V(G) \ 
V(F). Because G is nonseparable, G'— x is connected, so there is a (y, f — x)-path 
Q in G—«. The path P := xyQ is an ear of F. 


The proofs of the following proposition is left to the reader (Exercise 5.3.1). 


Proposition 5.7 Let F be a nonseparable proper subgraph of a graph G, and let 
P be an ear of F. Then F'U P is nonseparable. 


A nested sequence of graphs is a sequence (Go, G1,...,G,) of graphs such that 
Gi C Gi4i1, 0 <i< k. An ear decomposition of a nonseparable graph G is a nested 
sequence (Go, Gi,...,G,) of nonseparable subgraphs of G such that: 


> Go isa cycle, 
> Gi41 = G; U Pi, where P; is an ear of G; in G,0<i<k, 
> Gr =G. 
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Fig. 5.6. An ear decomposition of the Petersen graph 


An ear decomposition of the Petersen graph is shown in Figure 5.6, the initial 
cycle and the ear added at each stage being indicated by heavy lines. 

Using the fact that every nonseparable graph other than Ky, and Kz has a 
cycle, we may deduce the following theorem from Propositions 5.6 and 5.7. 


Theorem 5.8 Every nonseparable graph other than Ky, and Kg has an ear decom- 
position. 


This recursive description of nonseparable graphs can be used to establish many 
of their properties by induction. We describe below an interesting application of 
ear decompositions to a problem of traffic flow. Further applications may be found 
in the exercises at the end of this section. 


STRONG ORIENTATIONS 


A road network in a city is to be converted into a one-way system, in order that 
traffic may flow as smoothly as possible. How can this be achieved in a satisfactory 
manner? This problem clearly involves finding a suitable orientation of the graph 
representing the road network. Consider, first, the graph shown in Figure 5.7a. 
No matter how this graph is oriented, the resulting digraph will not be strongly 
connected, so traffic will not be able to flow freely through the system, certain 
locations not being accessible from certain others. On the other hand, the graph 
of Figure 5.7b has the strong orientation shown in Figure 5.7c (one, moreover, in 
which each vertex is reachable from each other vertex in at most two steps). 

Clearly, a necessary condition for a graph to have a strong orientation is that 
it be free of cut edges. Robbins (1939) showed that this condition is also sufficient. 
The proof makes use of the following easy proposition (Exercise 5.3.9). 
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Fig. 5.7. (a) A graph with no strong orientation, and (b) a graph with (c) a strong 
orientation 


Proposition 5.9 A connected digraph is strongly connected if and only if each of 
its blocks is strongly connected. 


Theorem 5.10 Every connected graph without cut edges has a strong orientation. 


Proof Let G be a connected graph without cut edges. By Proposition 5.9, it 
suffices to show that each block B of G has a strong orientation. We may assume 
that B # K,. Moreover, because G has no cut edges, B 4 K2. Thus B contains a 
cycle and, by Theorem 5.8, has an ear decomposition (Go, Gi,...,G,). Consider 
the orientation of B obtained by orienting Go as a directed cycle and each ear 
as a directed path. It can be verified easily, by induction on 7, that the resulting 
orientation of G; is strong for each i, 0 <i < k. In particular, the orientation 
assigned to B = G;, is strong. 


Exercises 


x5.3.1 Deduce Proposition 5.7 from Theorem 5.2. 


*5.3.2 An edge e of a nonseparable graph G is called deletable if G \ e is non- 
separable, and contractible if G/e is nonseparable. Show that every edge of a 
nonseparable graph is either deletable or contractible. 


5.3.3 Show that if G has no even cycles, then each block of G is either an odd 
cycle or a copy of Ky or Ko. 


5.3.4 Let G be a nonseparable graph, and let x and y be two vertices of G. Show 
that there is a linear ordering vj, v2,...,Un of the vertices of G such that v; = a, 
Un = y, and each vertex vj, 2 <j <n-—1, is joined to some vertex 1; with 7 < 7 
and some vertex vz with k > 7. 


5.3.5 Prove the following dual version of Theorem 5.2: A connected graph is non- 
separable if and only if any two of its edges are contained in a common bond. 
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5.3.6 Let G be a graph and let X denote the binary relation on E defined by e a f 
if and only if either e = f or there is a bond of G containing both e and f. Show 
that: 


a) the relation 2 is an equivalence relation on EF, 
b) the subgraphs of G induced by the equivalence classes under this relation are 
its nontrivial blocks. 


5.3.7 Deduce the result of Exercise 5.1.4 from Theorem 5.8. 
5.3.8 Let G be a nonseparable graph different from Ky and Ko, and let (Go, G1, 
...,Gz) be an ear decomposition of G. 


a) Show that k = m—n. 

b) Suppose that Gj; = G;U P;, where P; is an ear of G; in Gji1, 0 <i < k. Set 
Co := Gp and, for 1 <i < k, let C; be a cycle in G; containing the ear P;_. 
Show that (Co, C1,...,C) is a basis for C(G), the cycle space of G. 


*5.3.9 Prove Proposition 5.9. 


ee 


5.3.10 Let G be a nonseparable nonbipartite graph. 


a) Show that the cycle space C(G) of G has a basis consisting of m—n even cycles 
and one odd cycle. 

b) Deduce that the dimension of the subspace of C(G) generated by the even 
cycles of G is m—n. (M.A. HENNING AND C.H.C. LITTLE) 


5.3.11 Call a family of subgraphs of a graph linearly independent if the incidence 
vectors of their edge sets are linearly independent over GF'(2). Let G be a nonsep- 
arable graph on at least two vertices. 


a) If « and y are two vertices of G, show that there are m — n+ 2 linearly 
independent xy-paths in G, and that this number is the greatest possible. 

b) Let e be an edge of G. Deduce that the cycle space C(G) of G has a basis 
consisting entirely of cycles containing the edge e. 

c) Deduce that G has at least ("~3'T*) cycles. 


d) Which nonseparable graphs G have exactly ("5 7) 


cycles? 


5.3.12 VINE 
A vine on a path «Py ina graph G is a sequence (7;Q;y; : 1 <i <r) of internally 
disjoint ears of P in G such that: 


U=L1 ~%Q~ Yi N13 Y2 A W4 ~ 0+ N Lp MN Yp-1 X Yr = Y 


where ~ is the precedence relation on P (see Figure 5.8). 
Let «Py be a path in a nonseparable graph G. 


a) Show that there is vine (1;Qiy;:1<i<r) on P. 
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Fig. 5.8. A vine on a path 


b) Set P; := #,Py, and C; := Pj UQi, 1 <i <r. Show that Cy, := A{Ci sj < 
i<k}isacycleofG,l<j<k<r. 
c) Suppose that r = 2t — 1 is odd. 
i) Show that the ¢? cycles Cj,, 1 << j <t<k <r, together cover the path P 
at least ¢ times and each ear Q; min{i, 2¢ — i}t times. 
ii) Deduce that if P has length @, then one of these cycles has length at least 
(€/t) +t, and hence length at least 22. (G.A. Dirac) 
iii) Perform a similar computation in the case where r is even. 


5.4 Directed Ear Decompositions 


There is an analogous theory of ear decompositions for nonseparable strong di- 
graphs. Every strong digraph other than Ay contains a directed cycle (Exer- 
cise 2.5.6). This is the starting point of the ear decomposition which we now 
describe. 

Let F' be a subdigraph of a digraph D. A directed ear of F in D is a directed 
path in D whose ends lie in F but whose internal vertices do not. 


Proposition 5.11 Let F be a nontrivial proper nonseparable strong subdigraph of 
a nonseparable strong digraph D. Then F has a directed ear in D. 


Proof Because D is nonseparable, F' has an ear in D, by Proposition 5.6. Among 
all such ears, we choose one in which the number of reverse arcs (those directed 
towards its initial vertex) is as small as possible. We show that this path «Py is 
in fact a directed ear. 

Assume the contrary, and let (u,v) be a reverse arc of P (see Figure 5.9a). 
Because D is strong, there exist in D a directed (F,u)-path Q and a directed 
(v, F)-path R (one of which might be of length zero). The tail of Q and the head 
of R must be one and the same vertex, for otherwise the directed walk QuvR would 
contain a directed ear of F’, contradicting the choice of P and our assumption that 
P is not a directed ear. Let this common vertex be z (see Figure 5.9b). We may 
suppose that z 4 a (the case z 4 y being analogous). Then the xz-walk «PuRz 
contains an «z-path that contradicts the choice of P (see Figure 5.9c). Thus P is 
indeed a directed ear of F’. 


The proof of the following proposition is similar to the proof of Proposition 5.7, 
and is left to the reader (Exercise 5.4.1). 
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(¢) 


Fig. 5.9. Proof of Proposition 5.11: (a) The ear P of F’, (b) the directed paths zQu and 
vRz, and (c) the «z-walk «PuRz 


Proposition 5.12 Let C be a strong subdigraph of a digraph D, and let P be a 
directed ear of C in D. Then CU P is strong. 


A directed ear decomposition of a nonseparable strong digraph D is a nested 
sequence (Do, Di,..., Dx) of nonseparable strong subdigraphs of D such that: 


> Dp is a directed cycle, 
> Dj41 = D;U Pi, where P; is a directed ear of D; in D,0 <i<k, 
Db Dy; =D); 
A directed ear decomposition of a strong digraph D is shown in Figure 5.10, 
the initial directed cycle and the directed ear added at each stage being indicated 


by heavy lines. 
Propositions 5.11 and 5.12 imply the following theorem. 


Ss g . te 
Do dD, 


Fig. 5.10. A directed ear decomposition of a strong digraph 
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Fig. 5.11. A coherent feedback arc set of a digraph 


Theorem 5.13 Every nonseparable strong digraph other than Ky has a directed 
ear decomposition. 


Recall that a feedback arc set of a digraph D is a set S of arcs such that 
D\S is acyclic (see Exercise 2.5.8). Knuth (1974) proved that, when the digraph 
D is strongly connected, it has a feedback arc set with an important additional 
property. 

Consider a minimal feedback arc set S' of a digraph D. Because S is minimal, 
for any arc a in S the subdigraph (D \ S)+ a contains at least one directed cycle. 
Each such cycle includes the are a, but no other arc of S. Let us call the directed 
cycles arising in this way the fundamental cycles of D with respect to S. We shall 
say that S is coherent if each arc of D belongs to some fundamental cycle. An 
example of a coherent feedback arc set is shown in Figure 5.11. 

Observe that in order for a digraph to admit a coherent feedback arc set, every 
component of the digraph must be strong, because each arc should belong to a 
directed cycle. Knuth (1974) showed that, conversely, every strong digraph has a 
coherent feedback arc set. The proof makes use of directed ear decompositions. 


Theorem 5.14 Every strong digraph admits a coherent feedback arc set. 


Proof By induction on the number of arcs. Let D be a strong digraph. If D is 
a directed cycle, the statement is obviously true. If not, then by Theorem 5.13 
there exists a proper strong subdigraph D’ and a directed ear yPzx of D’ such that 
D = D'UP. By induction, D’ has a coherent feedback arc set, and therefore a 
coherent feedback arc set S’ such that D’ \ S’ contains a spanning 2x-branching 
(Exercise 5.4.6). The set S := S’U {a}, where a is an arbitrary arc of P, is clearly 
a feedback arc set of D. Because D’ \ S’ contains a spanning x-branching, there is 
a directed path rQy in D’ \ S’. Observe that yPxQy is a fundamental cycle with 
respect to S in D. Because S’ is a coherent feedback arc set of D’, it now follows 
that S is a coherent feedback arc set of D. 


Theorem 5.14 was discovered independently by Bessy and Thomassé (2004), 
and in Chapter 19 we shall see an interesting application of this theorem obtained 
by them. 
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We conclude with another application of Theorem 5.13. 


Theorem 5.15 Every strong digraph D has a strong spanning subdigraph with at 
most 2n — 2 arcs. 


Proof We may assume that D has no loops, deleting them if necessary. If D = Ky, 
the assertion is trivial. If not, we apply Theorem 5.13 to each block B of D. 
Consider a directed ear decomposition of B. Delete from B the arcs in directed 
ears of length one, thereby obtaining a strong spanning subdigraph F’ of B and 
a directed ear decomposition (Do, D1,...,Dx) of F in which each ear P; is of 
length at least two. Thus k < v(F’) — v(Do) < v(F) — 2. Since e(Do) = v(Do) and 
e(P;) = v(P;) — 1, 1 <i <k, we have: 
k k 
e(F) = e(Do) + 5 e(P;) = v(Do) + 5“ (u(P,) - 1) = o( F) + & < 2u(F) -2 
i=1 i=1 
By Proposition 5.9, the union of the strong subdigraphs F (one in each block of 


D) is a strong spanning subdigraph of D. Because each of the subdigraphs F’ has 
at most 2u(F’) — 2 arcs, this spanning subdigraph of D has at most 2n — 2 arcs. 


Exercises 


x5.4.1 Prove Proposition 5.12. 


5.4.2 Which strong digraphs D have no strong spanning subdigraphs with fewer 
than 2n — 2 arcs? 


5.4.3 Let G be a strong digraph. Show that: 


a) G has at least m—n-+ 1 directed cycles, 
b) G contains a spanning tree each of whose fundamental cycles is a directed cycle 
if and only if G has exactly m — n+ 1 directed cycles. 


5.4.4 The cycle space of a digraph is the cycle space of its underlying graph. Show 
that the cycle space of a strong digraph has a basis consisting of directed cycles. 


5.4.5 By considering the digraph of Figure 5.11, show that a minimal feedback 
arc set need not be coherent. 


5.4.6 Let D be a strong digraph, and let x be a vertex of D. Suppose that D has a 
coherent feedback arc set S. Choose S so that the set X of vertices of D reachable 
from z in D \ S is as large as possible. 
a) Suppose that X 4 V, and set T := (S \ 0+(X)) UO (X). Show that: 
i) T is a coherent feedback arc set of D, 
ii) the set of vertices of D reachable from x in D \ T properly contains X. 
b) Deduce that D \ S contains a spanning z-branching. (D.E. KNUTH) 


ee 


5.5 Related Reading 133 


5.5 Related Reading 


EVEN CYCLE DECOMPOSITIONS 


Veblen’s Theorem (2.7) gives a necessary and sufficient condition for a graph to 
admit a cycle decomposition. If one would like all the constituent cycles of the 
decomposition to be of even length, not only must the graph be even, but each 
block must be of even size (number of edges). However, this requirement is still not 
sufficient: Ks5 meets all these conditions, but admits no decomposition into even 
cycles. On the other hand, Seymour (1981a) showed that a nonseparable even graph 
of even size does admit an even cycle decomposition if it is planar. Extending the 
example of Ks, Rizzi (2001) described an infinite class of 4-connected even graphs 
of even size which do not have even cycle decompositions, and he conjectured that 
every simple 5-connected even graph of even size admits such a decomposition. 
(The notion of a k-connected graph is defined in Chapter 9.) For a survey on the 
topic, we refer the reader to Jackson (1993a), or to the books by Fleischner (1990, 
1991). 


MATROIDS AND NONSEPARABILITY 


Although there is no matroidal analogue of a connected graph, the notion of non- 
separability extends naturally to matroids. Let M be a matroid on a set E. A 
partition of FE into two nonempty subsets EF; and EF is called a separation of M if 
every basis of is the union of a basis of EF, and a basis of E2, where by a basis 
of #; we mean a maximal independent subset of £;. A matroid is nonseparable 
if it has no separation. Whitney (1935) showed that a matroid is nonseparable if 
and only if any two of its elements belong to a common circuit. This result, when 
applied to cycle matroids of graphs without isolated vertices, yields Theorem 5.2. 
Whitney also showed that a matroid is nonseparable if and only if its dual is non- 
separable. In particular, the cycle matroid of a graph is nonseparable if and only 
if its bond matroid is nonseparable. Thus, from the point of view of matroids, the 
statements in Exercises 5.2.3 and 5.3.6 are formally equivalent. 
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6.1 Tree-Search 


We have seen that connectedness is a basic property of graphs. But how does one 
determine whether a graph is connected? In the case of small graphs, it is a routine 
matter to do so by inspection, searching for paths between all pairs of vertices. 
However, in large graphs, such an approach could be time-consuming because the 
number of paths to examine might be prohibitive. It is therefore desirable to have 
a systematic procedure, or algorithm, which is both efficient and applicable to all 
graphs. The following property of the trees of a graph provides the basis for such 
a procedure. For a subgraph F' of a graph G, we simply write O(F’) for 0(V(F)) 
and refer to this set as the edge cut associated with F. 

Let T bea tree ina graph G. If V(T) = V(G), then T is a spanning tree of G and 
we may conclude, by Theorem 4.6, that G is connected. But if V(T) C V(G), two 
possibilities arise: either 0(T) = 0, in which case G is disconnected, or O(T) # 0. 
In the latter case, for any edge xy € O(T), where x € V(T) and y € V(G) \ V(T), 


y] 
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the subgraph of G obtained by adding the vertex y and the edge xy to T is again 
a tree in G (see Figure 6.1). 


Fig. 6.1. Growing a tree in a graph 


Using the above idea, one may generate a sequence of rooted trees in G, starting 
with the trivial tree consisting of a single root vertex r, and terminating either 
with a spanning tree of the graph or with a nonspanning tree whose associated 
edge cut is empty. (In practice, this involves scanning the adjacency lists of the 
vertices already in the tree, one by one, to determine which vertex and edge to 
add to the tree.) We refer to such a procedure as a tree-search and the resulting 
tree as a search tree. 

If our objective is just to determine whether a graph is connected, any tree- 
search will do. In other words, the order in which the adjacency lists are considered 
is immaterial. However, tree-searches in which specific criteria are used to deter- 
mine this order can provide additional information on the structure of the graph. 
For example, a tree-search known as breadth-first search may be used to find the 
distances in a graph, and another, depth-first search, to find the cut vertices of a 
graph. 

The following terminology is useful in describing the properties of search trees. 
Recall that an r-tree is a tree with root r. Let T be such a tree. The level of a vertex 
v in T is the length of the path rTv. Each edge of T joins vertices on consecutive 
levels, and it is convenient to think of these edges as being oriented from the lower 
to the higher level, so as to form a branching. Several other terms customarily used 
in the study of rooted trees are borrowed from genealogy. For instance, each vertex 
on the path rTv, including the vertex v itself, is called an ancestor of v, and each 
vertex of which v is an ancestor is a descendant of v. An ancestor or descendant 
of a vertex is proper if it is not the vertex itself. Two vertices are related in T if 
one is an ancestor of the other. The immediate proper ancestor of a vertex v other 
than the root is its predecessor or parent, denoted p(v), and the vertices whose 
predecessor is v are its successors or children. Note that the (oriented) edge set of 
a rooted tree T := (V(T), E(T)) is determined by its predecessor function p, and 


conversely 
E(T) = {(p(v),v) :v € V(T) \ {r}} 
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where r is the root of T’. We often find it convenient to describe a rooted tree by 
specifying its vertex set and predecessor function. 

For the sake of simplicity, we assume throughout this chapter that our graphs 
and digraphs are connected. This assumption results in no real loss of generality. 
We may suppose that the components have already been found by means of a 
tree-search. Each component may then be treated individually. We also assume 
that our graphs and digraphs are free of loops, which play an insignificant role 
here. 


BREADTH-FIRST SEARCH AND SHORTEST PATHS 


In most types of tree-search, the criterion for selecting a vertex to be added to the 
tree depends on the order in which the vertices already in the tree T were added. A 
tree-search in which the adjacency lists of the vertices of T are considered on a first- 
come first-served basis, that is, in increasing order of their time of incorporation 
into T, is known as breadth-first search. In order to implement this algorithm 
efficiently, vertices in the tree are kept in a queue; this is just a list Q which is 
updated either by adding a new element to one end (the tail of Q) or removing 
an element from the other end (the head of Q). At any moment, the queue Q 
comprises all vertices from which the current tree could potentially be grown. 

Initially, at time t = 0, the queue Q is empty. Whenever a new vertex is added 
to the tree, it joins Q. At each stage, the adjacency list of the vertex at the head 
of Q is scanned for a neighbour to add to the tree. If every neighbour is already in 
the tree, this vertex is removed from @. The algorithm terminates when Q is once 
more empty. It returns not only the tree (given by its predecessor function p), but 
also a function : V — N, which records the level of each vertex in the tree and, 
more importantly, their distances from r in G. It also returns a function t: V — N 
which records the time of incorporation of each vertex into the tree T. We keep 
track of the vertices in T by colouring them black. The notation G(z) signifies a 
graph G with a specified vertex (or root) x. Recall that an «-tree is a tree rooted 
at vertex x. 


Algorithm 6.1 BREADTH-FIRST SEARCH (BFS) 


INPUT: a connected graph G(r) 
OUTPUT: an r-tree T in G with predecessor function p, a level function @ such 
that ¢(v) = dg(r, v) for all v € V, and a time function t 
1: seti:=0 andQ:=90 
increment i by 1 
colour r black 
set €(r) :=0 and t(r) :=i 
append r to Q 
while Q is nonempty do 
consider the head x of Q 
af x has an uncoloured neighbour y then 
increment i by 1 
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10: colour y black 

11: set p(y) := x, L(y) := &(a%) +1 and t(y) :=i 
12: append y to Q 

13: else 

14: remove x from Q 

15: endif 


16: end while 
17: return (p, @,t) 


The spanning tree T returned by BFS is called a breadth-first search tree, 
or BFS-tree, of G. An example of a BFS-tree in a connected graph is shown in 
Figure 6.2. The labels of the vertices in Figure 6.2a indicate the times at which 
they were added to the tree. The distance function @ is shown in Figure 6.2b. The 
evolution of the queue Q is as follows, the vertices being indicated by their times. 


J +1412 512351234 512345 5 2345 — 23456 


— 234567 — 34567 — 345678 — 3456789 — 456789 
— 45678910 — 5678910 — 567891011 —67891011 
—> 6789101112 — 789101112 > 89101112 — 9101112 
— 910111213 — 10111213 4 111213 — 1213 413-90 


Fig. 6.2. A breadth-first search tree in a connected graph: (a) the time function t, and 
(b) the level function @ 


BFS-trees have two basic properties, the first of which justifies our referring to 
£ as a level function. 


Theorem 6.2 Let T be a BFS-tree of a connected graph G, with root r. Then: 


a) for every vertex v of G, &(v) = dr(r,v), the level of v in T, 
b) every edge of G joins vertices on the same or consecutive levels of T; that is, 


\€(u) — &(v)| <1, foralluve€ E 
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Proof The proof of (a) is left to the reader (Exercise 6.1.1). To establish (b), it 
suffices to prove that if wv € E and f(u) < ¢(v), then (wu) = e(v) — 1. 

We first establish, by induction on ¢(u), that if u and v are any two vertices 
such that @(u) < €(v), then u joined Q before v. This is evident if €(w) = 0, because 
u is then the root of T. Suppose that the assertion is true whenever ¢(u) < k, and 
consider the case ((u) = k, where k > 0. Setting « := p(u) and y := p(v), it 
follows from line 11 of BFS (Algorithm 6.1) that ¢(a) = ¢(u) —1 < &(v) —1 = &(y). 
By induction, x joined Q before y. Therefore u, being a neighbour of x, joined Q 
before v. 

Now suppose that uv € E and ¢(u) < &(v). If u = p(v), then &(u) = ¢(v) — 1, 
again by line 11 of the algorithm. If not, set y := p(v). Because v was added to 
T by the edge yv, and not by the edge wv, the vertex y joined Q before u, hence 
L(y) < &(u) by the claim established above. Therefore ¢(v) — 1 = ¢(y) < &(u) < 
€(v) — 1, which implies that é(u) = @(v) — 1. 


The following theorem shows that BFS runs correctly. 


Theorem 6.3 Let G be a connected graph. Then the values of the level function 
returned by BFS are the distances in G from the root r: 


l(v) =de(r,v), forallueV 


Proof By Theorem 6.2a, ¢(v) = dr(r,v). Moreover, dr(r,v) > dg(r,v) because 
T is a subgraph of G. Thus ¢(v) > dg(r,v). We establish the opposite inequality 
by induction on the length of a shortest (r, v)-path. 

Let P be a shortest (r,v)-path in G, where v 4 r, and let u be the predecessor 
of v on P. Then rPu is a shortest (r,u)-path, and dge(r,u) = dg(r,v) — 1. By 
induction, ¢(u) < dg(r,u), and by Theorem 6.2b, ¢(v) — £(u) < 1. Therefore 


l(v) < €(u) +1 < de(r,u) +1 = dag(r, v) 


Alternative proofs of Theorems 6.2 and 6.3 are outlined in Exercise 6.1.2. 


DEPTH-FIRST SEARCH 


Depth-first search is a tree-search in which the vertex added to the tree T at each 
stage is one which is a neighbour of as recent an addition to T as possible. In 
other words, we first scan the adjacency list of the most recently added vertex 
x for a neighbour not in T. If there is such a neighbour, we add it to T. If not, 
we backtrack to the vertex which was added to T just before « and examine its 
neighbours, and so on. The resulting spanning tree is called a depth-first search 
tree or DF'S-tree. 

This algorithm may be implemented efficiently by maintaining the vertices of 
T whose adjacency lists have yet to be fully scanned, not in a queue as we did for 
breadth-first search, but in a stack. A stack is simply a list, one end of which is 
identified as its top; it may be updated either by adding a new element as its top 
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or else by removing its top element. In depth-first search, the stack S is initially 
empty. Whenever a new vertex is added to the tree JT, it is added to S. At each 
stage, the adjacency list of the top vertex is scanned for a neighbour to add to T. 
If all of its neighbours are found to be already in T, this vertex is removed from S. 
The algorithm terminates when S is once again empty. As in breadth-first search, 
we keep track of the vertices in T’ by colouring them black. 

Associated with each vertex v of G are two times: the time f(v) when v is 
incorporated into T (that is, added to the stack S), and the time /(v) when all the 
neighbours of v are found to be already in 7, the vertex v is removed from S$, and 
the algorithm backtracks to p(v), the predecessor of v in T. (The time function I(v) 
is not to be confused with the level function ¢(v) of BFS.) The time increments by 
one with each change in the stack S. In particular, f(r) = 1, l(v) = f(v) +1 for 
every leaf v of T, and I(r) = 2n. 


Algorithm 6.4 DEPTH-FIRST SEARCH (DFS) 


INPUT: a connected graph G 

OUTPUT: a rooted spanning tree of G with predecessor function p, and two 
time functions f and 1 
seti:=O and S:=0 

choose any vertex r (as root) 
increment i by 1 

colour r black 
set f(r) :=14 
addr to S 
while S is nonempty do 

consider the top vertex x of S 

9: increment 7 by 1 

10: if x has an uncoloured neighbour y then 


11: colour y black 

12: set p(y) := ax and f(y) :=i 
13: add y to the top of S 

14: else 

15: set I(x) :=4 

16: remove x from S 

17: endif 


18: end while 
19: return (p, f,l) 


A DF%S-tree of a connected graph is shown in Figure 6.3; the tree is indicated 
by solid lines and each vertex v of the tree is labelled by the pair (f(v),/(v)). The 
evolution of the stack S' is as follows, the vertices being indicated by their times 
of incorporation into 7. 
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a. (11, 12) 


(10, 13) TAl4 19 5 20 


Fig. 6.3. (a) A depth-first search tree of a connected graph, and (b) another drawing of 
this tree 


§0>-1512-4123 31234-12345 4123456 ~1234567 
=> 12345678 — 1234567 — 123456710 > 12345671011 
=> 123456710 — 1234567 5123456 —12345 -1234 123417 
> 12341718 > 1234171819 > 12341718 > 123417 61234 -123 
-12-1-06 


The following proposition provides a link between the input graph G, its DFS- 
tree T’, and the two time functions f and / returned by DFS. 


Proposition 6.5 Let u and v be two vertices of G, with f(u) < f(v). 


a) If u and v are adjacent in G, then I(v) < Iu). 
b) u is an ancestor of v in T if and only if I(v) < Iu). 


Proof 


a) According to lines 8-12 of DFS, the vertex u is removed from the stack S only 
after all potential children (uncoloured neighbours) have been considered for 
addition to S. One of these neighbours is v, because f(u) < f(v). Thus v is 
added to the stack S while uw is still in S, and wu cannot be removed from S$ 
before uv is removed. It follows that I(v) < I(w). 

b) Suppose that wu is an ancestor of v in T. By lines 9 and 12 of DFS, the values 
of f increase along the path uTv. Applying (a) to each edge of this path yields 
the inequality I(v) < I(u). 
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Now suppose that u is not an ancestor of v in T. Because f(u) < f(v), v is 
not an ancestor of u either. Thus u does not lie on the path rT'v and v does 
not lie on the path rTu. Let s be the last common vertex of these two paths. 
Again, because f(u) < f(v), the proper descendants of s on the path rTv 
could have been added to the stack S only after all the proper descendants of 
s on the path rTu had been removed from it (thereby leaving s as top vertex). 
In particular, v could only have been added to S after wu had been removed, so 
I(u) < f(v). Because f(v) < I(v), we conclude that I(u) < I(v). 


We saw earlier (in Theorem 6.2b) that BFS-trees are characterized by the prop- 
erty that every edge of the graph joins vertices on the same or consecutive levels. 
The quintessential property of DFS-trees is described in the following theorem. 


Theorem 6.6 Let T be a DFS-tree of a graph G. Then every edge of G joins 
vertices which are related in T. 


Proof This follows almost immediately from Proposition 6.5. Let wv be an edge 
of G. Without loss of generality, suppose that f(u) < f(v). By Proposition 6.5a, 
i(v) < I(u). Now Proposition 6.5b implies that u is an ancestor of v, so u and v 
are related in T. 


FINDING THE CUT VERTICES AND BLOCKS OF A GRAPH 


In a graph which represents a communications network, the cut vertices of the 
graph correspond to centres whose breakdown would disrupt communications. It 
is thus important to identify these sites, so that precautions may be taken to reduce 
the vulnerability of the network. Tarjan (1972) showed how this problem can be 
solved efficiently by means of depth-first search. 

While performing a depth-first search of a graph G, it is convenient to orient the 
edges of G with respect to the DFS-tree T. We orient each tree edge from parent 
to child, and each nontree edge (whose ends are related in T, by Theorem 6.6) 
from descendant to ancestor. The latter edges are called back edges. The following 
characterization of cut vertices is an immediate consequence of Theorem 6.6. 


Theorem 6.7 Let T be a DFS-tree of a connected graph G. The root of T is a cut 
vertex of G if and only if it has at least two children. Any other vertex of T is a 
cut vertex of G if and only if it has a child no descendant of which dominates (by 
a back edge) a proper ancestor of the vertex. 


Let us see how depth-first search may be used to find the cut vertices and 
blocks of a (connected) graph in linear time; that is, in time proportional to the 
number of edges of the graph. 

Let T be a DFS-tree of a connected graph G, and let B be a block of G. Then 
TB isa tree in G (Exercise 5.2.8b). Moreover, because T’ is a rooted tree, we may 
associate with B a unique vertex, the root of the tree 7.M B. We call this vertex 
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the root of B with respect to T. It is the first vertex of B to be incorporated into 
T. Note that the cut vertices of G are just the roots of blocks (with the exception 
of r, if it happens to be the root of a single block). Thus, in order to determine the 
cut vertices and blocks of G, it suffices to identify these roots. It turns out that 
one can do so during the execution of depth-first search. 

To this end, we consider the function f* : V — N defined as follows. If some 
proper ancestor of v can be reached from v by means of a directed path consisting 
of tree edges (possibly none) followed by one back edge, f*(v) is defined to be 
the least f-value of such an ancestor; if not, we set f*(v) := f(v). Observe, now, 
that a vertex v is the root of a block if and only if it has a child w such that 
f*(w) > fv). 

The function f* can be computed while executing depth-first search (see Ex- 
ercise 6.1.12), and the criterion for roots of blocks may be checked at the same 
time. Thus the roots of the blocks of G, as well as the blocks themselves, can be 
determined in linear time. 

The roots of the blocks of a graph with respect to a DFS-tree are shown in 
Figure 6.4. The pair (f(v),/(v)) is given for each vertex v. We leave it to the reader 
to orient the edges of G as described above, and to compute the function f*. 


(2,9) 


(11,12) (13,24) 


Fig. 6.4. Finding the cut vertices and blocks of a graph by depth-first search 


Exercises 


*6.1.1 Let T be a BFS-tree of a connected graph G. Show that @(v) = dr(r,v), 
for allu € V. 


6.1.2 


a) Let T be a BFS-tree of a connected graph G and let z denote the last vertex 
to enter T. Show that T’ — z is a BFS-tree of G — z. 
b) Using (a), give inductive proofs of Theorems 6.2 and 6.3. 
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6.1.3 Refine Algorithm 6.1 (breadth-first search) so that it returns either a bipar- 
tition of the graph (if the graph is bipartite) or an odd cycle (if it is not). 


6.1.4 Describe an algorithm based on breadth-first search for finding a shortest 
odd cycle in a graph. 
6.1.5 Let G be a Moore graph (defined in Exercise 3.1.12). Show that all BFS-trees 
of G are isomorphic. 


6.1.6 Let T be a DFS-tree of a nontrivial connected simple graph G, and let v be 
the root of a block B of G. Show that the degree of v in TM B is one. 


d 
6.1.7 For a connected graph G, define o(G) := °{d(u,v) : u,v € V. 


a) Let G be a connected graph. For v € V, let T, be a breadth-first search tree 
of G rooted at v. Show that }0,<y a(Zv) = 2(n — 1)a(G). 

b) Deduce that every connected graph G has a spanning tree T such that o(T') < 
2(1 — +)o(G). (R.C. ENTRINGER, D.J. KLEITMAN AND L. SZEKELY) 


6.1.8 Let T be a rooted tree. Two breadth-first searches of T (starting at its root) 
are distinct if their time functions t differ. Likewise, two depth-first searches of T 
are distinct if at least one of their time functions f and / differ. Show that the 
number of distinct breadth-first searches of the tree T is equal to the number of 
distinct depth-first searches of T, and that this number is precisely []{n(v)!: uv € 
V(T)}, where n(v) is the number of children of v in T (and 0! = 1). 


6.1.9 Let G be a connected graph, let x be a vertex of G, and let T be a spanning 
tree of G which maximizes the function }*{dr(#,v) : v € V}. Show that T is a 
DFS-tree of G. (Zs. TUZA) 


x6.1.10 Let G be a connected graph in which every DFS-tree is a Hamilton path 
(rooted at one end). Show that G is a cycle, a complete graph, or a complete 
bipartite graph in which both parts have the same number of vertices. 

(G. CHARTRAND AND H.V. KRONK) 


6.1.11 CHORD OF A CYCLE 

A chord of a cycle C in a graph G is an edge in E(G) \ E(C) both of whose ends 
lie on C. Let G be a simple graph with m > 2n — 3, where n > 4. Show that G 
contains a cycle with at least one chord. (L. Pésa) 


x6.1.12 


a) Let G be a connected graph and T a DFS-tree of G, where the edges of T are 
oriented from parent to child, and the back edges from descendant to ancestor. 
For v € V, set: 


g(v) == min{ f(w) : (v,w) € E(G) \ E(T)} 
h(v) := min{ f*(w) : (v,w) € E(T)} 
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Show that: 
i) the function f* may be computed recursively by the formula 


f*(v) = mint f(v), gv), h(w)} 


ii) a nonroot vertex v of T is a cut vertex of G if and only if f(v) < h(v). 
b) Refine Algorithm 6.4 (Depth-First Search) so that it returns the cut vertices 
and the blocks of a connected graph. (R.E. TARJAN) 


6.1.13 Let G be a simple connected graph, and let w: V — Z be a weight function 
on V such that SV cy w(v) > m—n+1. For X CV, the move Mx consists of 
distributing a unit weight from each vertex of X to each of its neighbours in V \_X 
(so that the weight of a vertex v of V \ X increases by dx(v)). 


a) Show that the weight can be made nonnegative at each vertex by means of a 
sequence of moves. 
b) Show that this is no longer necessarily true if \) cy w(v) <m—n. 
(M. BAKER AND S. NORINE) 


6.2 Minimum-Weight Spanning Trees 


An electric grid is to be set up in China, linking the cities of Beijing, Chongqing, 
Guangdong, Nanjing, Shanghai, Tianjin, and Wuhan to the Three Gorges gener- 
ating station situated at Yichang. The locations of these cities and the distances 
(in kilometres) between them are given in Figure 6.5. How should the grid be 
constructed so that the total connection distance is as small as possible? 


C G N Ss T W Y 
1457 1892 901 1078 111 1057 1117 
— 978 1199 1430 1442 750 473 
— — 1133 1197 1820 837 867 
- — — 267 800 459 727 
— _ — — 970 681 962 
988 1080 
285 


sHezQqaw 


Fig. 6.5. The China hydro-electric grid problem 
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The table in Figure 6.5 determines a weighted complete graph with vertices B, 
C,G, N, S, 7, W, and Y. Our problem amounts to finding, in this graph, a con- 
nected spanning subgraph of minimum weight. Because the weights are positive, 
this subgraph will be a spanning tree. 

More generally, we may consider the following problem. 


Problem 6.8 MINIMUM-WEIGHT SPANNING TREE 
GIVEN: a weighted connected graph G, 
FIND: a minimum-weight spanning tree T in G. 


For convenience, we refer to a minimum-weight spanning tree as an optimal 
tree. 


THE JARNIK-PRIM ALGORITHM 


The Minimum-Weight Spanning Tree Problem (6.8) can be solved by means of a 
tree-search due to Jarnik (1930) and Prim (1957). In this algorithm, which we call 
the Jarnik—Prim Algorithm, an arbitrary vertex r is selected as the root of T, and 
at each stage the edge added to the current tree T is any edge of least weight in 
the edge cut associated with T. 

As in breadth-first and depth-first search, the vertices of T are coloured black. 
Also, in order to implement the above tree-search efficiently, each uncoloured vertex 
uv is assigned a provisional cost c(v). This is the least weight of an edge linking 
v to some black vertex u, if there is such an edge, in which case we assign u as 
provisional predecessor of v, denoted p(v). Initially, each vertex has infinite cost 
and no predecessor. These two provisional labels are updated at each stage of the 
algorithm. 


Algorithm 6.9 THE JARNIK—PRIM ALGORITHM 


INPUT: a weighted connected graph (G, w) 
OUTPUT: an optimal tree T of G with predecessor function p, and its weight 
w(T) 


1: set p(v) :=0 and c(v) := 00, v EV, and w(T) :=0 
2: choose any vertex r (as root) 
3: replace c(r) by 0 
4: while there is an uncoloured vertex do 
5: choose such a vertex u of minimum cost c(u) 
6: colour u black 
7: for each uncoloured vertex v such that w(uv) < c(v) do 
8: replace p(v) by u and c(v) by w(uv) 
9: replace w(T) by w(T) + c(u) 
10: end for 
11: end while 
12: return (p,w(T)) 
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In practice, the set of uncoloured vertices and their costs are kept in a structure 
called a priority queue. Although this is not strictly a queue as defined earlier, the 
vertex of minimum cost is always located at the head of the queue (hence the 
‘priority’) and can therefore be accessed immediately. Furthermore, the ‘queue’ is 
structured so that it can be updated rather quickly when this vertex is removed 
(coloured black), or when the costs are modified (as in line 9 of the Jarnfk—Prim 
Algorithm). As to how this can be achieved is outlined in Section 6.4. 

We call a rooted spanning tree output by the Jarnik—Prim Algorithm a Jarntk— 
Prim tree. The construction of such a tree in the electric grid graph is illustrated 
(not to scale) in Figure 6.6, the edges being numbered according to the order in 
which they are added. 

In step 1, Yichang (Y) is chosen as the root. No vertex has yet been coloured. 
Because c(Y) = 0, and c(v) = oo for every other vertex v, vertex Y is chosen as wu in 
step 2, and coloured black. All uncoloured vertices are assigned Y as predecessor, 
and their costs are reduced to: 


c(B) =1117, c(C) =473, c(G) = 867 


c(N) = 727, c(S) = 962, ¢c(T) = 1080, c(W) = 285 


The weight of the tree T remains zero. 
In the second iteration of step 2, W is selected as the vertex u and coloured 
black. The predecessors of the uncoloured vertices, and their costs, become: 


p(B)=W, p(C)=Y, op(G)=W, vp(N)=W, v(S)=W, v(T)=W 


c(B) = 1057, c(C) = 473, c(G) = 837, c(N) = 459, c(S) = 681, c(T) = 988 


and w(T) is increased to 285. 
In the third iteration of step 2, N is selected as the vertex u and coloured black. 
The predecessors of the uncoloured vertices, and their costs, become: 


P(B)=N, p(C)=Y, vp(G)=W, p(S)=N, p(T)=N 


c(B) =901, c(C) = 473, c(G) = 837, c(S) = 267, c(T) = 800 


and w(T) is increased to 285 + 459 = 744. 

This procedure continues until all the vertices are coloured black. The total 
length of the grid thereby constructed is 3232 kilometres. 

The following theorem shows that the algorithm runs correctly. 


Theorem 6.10 Every Jarntk—Prim tree is an optimal tree. 


Proof Let T be a Jarnik—Prim tree with root r. We prove, by induction on v(T), 
that Tis an optimal tree. The first edge added to T is an edge e of least weight 
in the edge cut associated with {r}; in other words, w(e) < w(f) for all edges 
f incident with r. To begin with, we show that some optimal tree includes this 
edge e. Let T* be an optimal tree. We may assume that e ¢ E(T*). Thus T* + e 
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Fig. 6.6. An optimal tree returned by the Jarnik—Prim Algorithm 


contains a unique cycle C. Let f be the other edge of C incident with r. Then 
T** := (T* +e) \ f is a spanning tree of G. Moreover, because w(e) < w(f), 


w(T™) = w(T") + w(e) — w(f) Sw) 


As T* is an optimal tree, equality must hold, so T** is also an optimal tree. 
Moreover, 7J** contains e. 

Now consider the graph G’ := G/e, and denote by r’ the vertex resulting 
from the contraction of e. There is a one-to-one correspondence between the set 
of spanning trees of G that contain e and the set of all spanning trees of G’ 
(Exercise 4.2.1a). Thus, to show that the final tree T is an optimal tree of G, it 
suffices to show that T’ := T//e is an optimal tree of G’. We claim that T” is a 
Jarnik—Prim tree of G’ rooted at r’. 

Consider the current tree T at some stage of the Jarnik—Prim Algorithm. We 
assume that T is not simply the root vertex r, and thus includes the edge e. Let 
T’ := T/e. Then O(T) = O(T"), so an edge of minimum weight in O(T) is also 
an edge of minimum weight in O(T"). Because the final tree T is a Jarnik—Prim 
tree of G, we deduce that the final tree T’ is a Jarnik—Prim tree of G’. As G’ has 
fewer vertices than G, it follows by induction that T’ is an optimal tree of G’. We 
conclude that T is an optimal tree of G. 


The history of the Jarnik—Prim Algorithm is described by Korte and Ne&etfil 
(2001). A second algorithm for solving Problem 6.8, based on another approach, 
is presented in Section 8.5. 


Exercises 


*6.2.1 Let (G,w) be a weighted connected graph whose edges have distinct 
weights. Show that G has a unique optimal tree. 
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6.2.2 Let (G,w) be a weighted connected graph. Show that a spanning tree T of 
G is optimal if and only if, for each edge e € EF \ T and each edge f € C. (the 
fundamental cycle of G with respect to T), w(e) > w(f). 


6.2.3 Let (G,w) be a weighted connected graph. Show that a spanning tree T 
of G is optimal if and only if, for each edge e € T and each edge f € Be (the 
fundamental bond of G with respect to T), w(e) < w(f). 


ee 


6.2.4 Let (G, w) be a weighted connected graph (with positive weights). Describe 
an algorithm for finding a spanning tree the product of whose weights is minimum. 


6.2.5 Let T be an optimal spanning tree in a weighted connected graph (G,w), 
and let x and y be two vertices of G. Show that the path xTy is an xy-path of 
minimum weight in G. 


6.2.6 Let T be an optimal spanning tree in a weighted connected graph (G,w). 


a) Show that T is a spanning tree whose largest edge-weight is minimum. 

b) Give an example of a weighted connected graph (G,w) and a spanning tree 
T of G whose largest edge-weight is minimum, but which is not an optimal 
spanning tree of G. 


6.3 Branching-Search 


One can explore directed graphs in much the same way as undirected graphs, 
but by growing branchings rather than rooted trees. Starting with the branching 
consisting of a single vertex r, its root, one adds one arc at a time, together with its 
head, the arc being selected from the outcut associated with the current branching. 
The procedure terminates either with a spanning branching of the digraph or with 
a nonspanning branching whose associated outcut is empty. Note that the latter 
outcome may well arise even if the digraph is connected. Indeed, the vertex set of 
the final branching is precisely the set of vertices of the digraph that are reachable 
by directed paths from r. We call the above procedure branching-search. 

As with tree-search, branching-search may be refined by restricting the choice 
of the arc to be added at each stage. In this way, we obtain directed versions of 
breadth-first search and depth-first search. We discuss two important applications 
of branching-search. The first is an extension of directed BFS to weighted directed 
graphs, the second an application of directed DFS. 


FINDING SHORTEST PATHS IN WEIGHTED DIGRAPHS 


We have seen how breadth-first search can be used to determine shortest paths in 
graphs. In practice, one is usually faced with problems of a more complex nature. 
Given a one-way road system in a city, for instance, one might wish to determine a 
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shortest route between two specified locations in the city. This amounts to finding a 
directed path of minimum weight connecting two specified vertices in the weighted 
directed graph whose vertices are the road junctions and whose arcs are the roads 
linking these junctions. 


Problem 6.11 SHORTEST PATH 
GIVEN: a weighted directed graph (D,w) with two specified vertices x and y, 
FIND: a minimum-weight directed (x, y)-path in D. 


For clarity of exposition, we refer to the weight of a directed path in a weighted 
digraph as its length. In the same vein, by a shortest directed (x, y)-path we mean 
one of minimum weight, and this weight is the distance from x to y, denoted d(x, y). 
For example, the path indicated in the graph of Figure 6.7 is a shortest directed 
(a, y)-path (Exercise 6.3.1) and d(#,y) =34+1+2+1+4+2+1+2+4=16. When 
all the weights are equal to one, these definitions coincide with the usual notions 
of length and distance. 


Fig. 6.7. A shortest directed (x, y)-path in a weighted digraph 


It clearly suffices to deal with the shortest path problem for strict digraphs, so 
we assume that this is the case here. We also assume that all weights are positive. 
Arcs of weight zero can always be contracted. However, the presence of negative 
weights could well lead to complications. If the digraph should contain directed 
cycles of negative weight, there might exist (a, y)-walks which are shorter than 
any (x, y)-path — indeed, ones of arbitrarily small (negative) length — and this 
eventuality renders shortest path algorithms based on branching-search, such as 
the one described below, totally ineffective (see Exercise 6.3.3). On the other hand, 
when all weights are positive, the shortest path problem can be solved efficiently 
by means of a branching-search due to Dijkstra (1959). 

Although similar in spirit to directed breadth-first search, Dijkstra’s Algorithm 
bears a resemblance to the Jarnik—Prim Algorithm in that provisional labels are 
assigned to vertices. At each stage, every vertex uv of the current branching B is 
labelled by its predecessor in B, p(v), and its distance from r in B, €(v) := dp(r,v). 
In addition, each vertex v which is not in B but is an outneighbour of some vertex in 
B, is labelled with a provisional predecessor p(v) and a provisional distance ¢(v), 
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namely, the length of a shortest directed (r,v)-path in D all of whose internal 
vertices belong to B. The rule for selecting the next vertex and edge to add to the 
branching depends only on these provisional distances. 


Algorithm 6.12 DiJKsTRA’s ALGORITHM 


INPUT: a positively weighted digraph (D,w) with a specified vertex r 
OUTPUT: an r-branching in D with predecessor function p, and a function 
£: V —Rt* such that €(v) = dp(r,v) for allu Ee V 

1: set p(v) := 0, v EV, &(r) :=0, and &(v) := co, vE V \ {r} 

2: while there is an uncoloured vertex u with &(u) < oo do 

3: choose such a vertex u for which &(u) is minimum 

4 colour u black 

5: for each uncoloured outneighbour v of u with €(v) > €(u) + w(u,v) do 

6 replace p(v) by u and (vu) by €(u) + w(u, v) 

vf end for 

8: end while 

9: return (p, €) 


Dijkstra’s Algorithm, like the Jarnik—Prim Algorithm, may be implemented by 
maintaining the uncoloured vertices and their distances in a priority queue. We 
leave it to the reader to verify that the algorithm runs correctly (Exercise 6.3.2). 


DIRECTED DEPTH-FIRST SEARCH 


Directed BFS (the unweighted version of Dijkstra’s Algorithm) is a straightforward 
analogue of BFS; the labelling procedure is identical, and the branching-search 
terminates once all vertices reachable from the root have been found. Directed 
DFS, on the other hand, involves a slight twist: whenever the branching-search 
comes to a halt, an uncoloured vertex is selected and the search is continued 
afresh with this vertex as root. The end result is a spanning branching forest of 
the digraph, which we call a DFS-branching forest. 


Algorithm 6.13 DIRECTED DEPTH-FIRST SEARCH (DIRECTED DFS) 


INPUT: a digraph D 
OUTPUT: a spanning branching forest of D with predecessor function p, and 
two time functions f and 1 

1: seti:=0O and S:=0 

2: while there is an uncoloured vertex do 

3: choose any uncoloured vertex r (as root) 
increment t by 1 
colour r black 
set f(r) :=i 
addr to S 
while S' is nonempty do 

consider the top vertex x of S 
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10: increment i by 1 

11: af x has an uncoloured outneighbour y then 
12: colour y black 

13: set p(y) := a and f(y) :=i 

14: add y as the top vertex of S 

165: else 

16: set I(x) := 1 

17: remove x from S 

18: end if 


19: end while 
20: end while 
21: return (p, f,l) 


Directed DFS has many applications. One is described below, and several others 
are outlined in exercises (6.3.6, 6.3.7, 6.3.8, 6.3.13). In these applications, it is 
convenient to distinguish three types of arcs of D, apart from those in the DFS- 
branching-forest F’. 

An arc (u,v) € A(D) \ A(F) is a forward arc if u is an ancestor of v in F, a 
back arc if u is a descendant of v in F, and a cross arc if u and v are unrelated in 
F and u was discovered after v. In terms of the time functions f and I: 


> (u,v) isa forward arc if f(u) < f(v) and I(v) < I(u), 
> (u,v) isa back arc if f(v) < f(u) and I(u) < l(v), 
> (u,v) is a cross arc if I(v) < f(u). 
The directed analogue of Theorem 6.6, whose proof is left as an exercise (6.3.4), 
says that these arcs partition A(D) \ A(F). 


Theorem 6.14 Let F be a DFS-branching forest of a digraph D. Then each arc 
of A(D) \ A(F) is a forward arc, a back arc, or a cross arc. 


FINDING THE STRONG COMPONENTS OF A DIGRAPH 


The strong components of a digraph can be found in linear time by using directed 
DFS. The basic idea is similar to the one employed for finding the blocks of an 
undirected graph, but is slightly more complicated. 

The following proposition shows how the vertices of the strong components 
of D are disposed in F’. Observe that forward arcs play no role with respect to 
reachability in D because any forward arc can be replaced by the directed path in 
F connecting its ends. We may therefore assume that there are no such arcs in D. 


Proposition 6.15 Let D be a directed graph, C a strong component of D, and F 
a DFS-branching forest in D. Then FOC is a branching. 


Proof Each component of FMC is contained in F’, and thus is a branching. 
Furthermore, vertices of C' which are related in F' necessarily belong to the same 
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component of F'1C, because the directed path in F' connecting them is contained 
in C also (Exercise 3.4.3). 

Suppose that fC has two distinct components, with roots « and y. As 
remarked above, x and y are not related in F. We may suppose that f(x) < f(y). 
Because x and y belong to the same strong component C' of D, there is a directed 
(z,y)-path P in C, and because f(x) < f(y), there must be an arc (u,v) of P 
with f(u) < f(y) and f(v) > f(y). This arc can be neither a cross arc nor a back 
arc, since f(u) < f(v). It must therefore be an arc of F’', because we have assumed 
that there are no forward arcs. Therefore I(v) < I(u). If u and y were unrelated, 
we would have I(u) < f(y). But this would imply that f(v) < l(v) < Il(u) < f(y), 
contradicting the fact that f(v) > f(y). We conclude that u is a proper ancestor 
of y, and belongs to the same component of FMC as y. But this contradicts our 
assumption that y is the root of this component. 


By virtue of Proposition 6.15, we may associate with each strong component C 
of D a unique vertex, the root of the branching F'N C. As with blocks, it suffices 
to identify these roots in order to determine the strong components of D. This can 
be achieved by means of a supplementary branching-search. We leave the details 
as an exercise (Exercise 6.3.12). 


Exercises 


6.3.1 By applying Dijkstra’s Algorithm, show that the path indicated in Figure 6.7 
is a shortest directed (x, y)-path. 


*6.3.2 Prove that Dijkstra’s Algorithm runs correctly. 


*6.3.3 Apply Dijkstra’s Algorithm to the directed graph with negative weights 
shown in Figure 6.8. Does the algorithm determine shortest directed (7, v)-paths 
for all vertices v? 


Fig. 6.8. Apply Dijkstra’s Algorithm to this weighted directed graph (Exercise 6.3.3) 


x6.3.4 Prove Theorem 6.14. 
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6.3.5 Describe an algorithm based on directed breadth-first search for finding a 
shortest directed odd cycle in a digraph. 


6.3.6 Describe an algorithm based on directed depth-first search which accepts as 
input a directed graph D and returns a maximal (but not necessarily maximum) 
acyclic spanning subdigraph of D. 


ee 


6.3.7 Describe an algorithm based on directed depth-first search which accepts as 
input a tournament T and returns a directed Hamilton path of T. 


6.3.8 Describe an algorithm based on directed depth-first search which accepts as 
input a directed graph D and returns either a directed cycle in D or a topological 
sort of D (defined in Exercise 2.1.11). 


6.3.9 BELLMAN’S ALGORITHM 

Prove the validity of the following algorithm, which accepts as input a topological 
sort Q of a weighted acyclic digraph (D,w), with first vertex r, and returns a 
function £: V — R such that @(v) = dp(r,v) for all v € V, and a branching B 
(given by a predecessor function p) such that rBv is a shortest directed (r, v)-path 


in D for all v € V such that dp(r,v) < oo. (R. BELLMAN) 
1: set £(v) := 00, p(v) = 0, vEV 


2: remove r from Q 

3: set C(r) := 0 

4: while Q is nonempty do 

5: remove the first element y from Q 
6: for all x € N-(y) do 

7: if €(x@) + w(x, y) < &(y) then 

8: replace ¢(y) by (a) + w(x, y) and p(y) by « 
9: end if 

10: end for 

11: end while 

12: return (£,p). 


6.3.10 Let D := (D,w) be a weighted digraph with a specified root r from which 
all other vertices are reachable. A negative directed cycle is one whose weight is 
negative. 


a) Show that if D has no negative directed cycles, then there exists a spanning 
r-branching B in D such that, for each v € V, the directed path rBv is a 
shortest directed (r,v)-path in D. 

b) Give an example to show that this conclusion need not hold if D has negative 
directed cycles. 


6.3.11 BELLMAN-FORD ALGORITHM 
Let D := (D,w) be a weighted digraph with a specified root r from which all other 
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vertices of D are reachable. For each nonnegative integer k, let dj;,(v) denote the 
weight of a shortest directed (r, v)-walk using at most & arcs, with the convention 
that d;(v) = oo if there is no such walk. (Thus do(7r) = 0 and do(v) = oo for all 


veEV\{r}.) 


a) Show that the d;,(v) satisfy the following recursion. 
dy(v) = min{d;_1(v), min{d,_1(u) + w(u,v): ue N~(v)}} 


b) For each of the weighted digraphs shown in Figure 6.9, compute dx := (dx(v) : 
v €V) fork =0,1,...,6. 
c) Show that: 
i) if dy A dg_1 for all k, 1 < k < n, then D contains a negative directed 
cycle, 
ii) if dy = d,_1 for some k, 1 < k <n, then D contains no negative directed 
cycle, and d;,(v) is the distance from r to v, for all v € V. 
d) In the latter case, describe how to find a spanning r-branching B of D such 
that, for each v € V, the directed (r,v)-path in B is a shortest directed (r, v)- 
path in D. (R. BELLMAN; L.R. ForbD; E.F. Moore; A. SHIMBEL) 


Fig. 6.9. Examples for the Bellman—Ford Algorithm (Exercise 6.3.11) 


*6.3.12 FINDING THE STRONG COMPONENTS OF A DIGRAPH. 

Let D be a digraph, and let F' be a DFS-branching forest of D. Denote by D’ the 
converse of the digraph obtained from D by deleting all cross edges. By Proposi- 
tion 6.15, it suffices to consider each component of D’ separately, so we assume 
that D’ has just one component. 


a) Show that the set of vertices reachable from the root r in D’ induces a strong 
component of D. 

b) Apply this idea iteratively to obtain all strong components of D (taking care 
to select each new root appropriately). 

c) Implement this procedure by employing branching-search. 
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6.3.13 The diameter of a directed graph is the maximum distance between any 
two vertices of the graph. (Thus a directed graph is of finite diameter if and only 
if it is strong.) Let G be a 2-edge-connected graph and P a longest path in G. By 
Robbins’ Theorem (5.10), G has a strong orientation. Show that: 


a) no strong orientation of G has diameter exceeding the length of P, 
b) some strong orientation of G has diameter equal to the length of P. 
(G. GUTIN) 


6.4 Related Reading 


DATA STRUCTURES 


We have discussed in this chapter algorithms for resolving various problems ex- 
peditiously. The efficiency of these algorithms can be further enhanced by storing 
and managing the data involved in an appropriate structure. For example, a data 
structure known as a heap is commonly used for storing elements and their asso- 
ciated values, called keys (such as edges and their weights). A heap is a rooted 
binary tree TJ’ whose vertices are in one-to-one correspondence with the elements 
in question (in our case, vertices or edges). The defining property of a heap is that 
the key of the element located at vertex v of T is required to be at least as large 
as the keys of the elements located at vertices of the subtree of T rooted at v. 
This condition implies, in particular, that the key of the element at the root of 
T is one of greatest value; that element can thus be accessed instantly. Moreover, 
heaps can be reconstituted rapidly following small modifications such as the addi- 
tion of an element, the removal of an element, or a change in the value of a key. 
A priority queue (the data structure used in both Dijkstra’s Algorithm and the 
Jarnik—Prim Algorithm) is simply a heap equipped with procedures for performing 
such readjustments rapidly. Heaps were conceived by Williams (1964). 

It should be evident that data structures play a vital role in the efficiency of 
algorithms. For further information on this topic, we refer the reader to Knuth 
(1969), Aho et al. (1983), Tarjan (1983), or Cormen et al. (2001). 
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7.1 Transportation Networks 


Transportation networks that are used to ship commodities from their production 
centres to their markets can be most effectively analysed when viewed as digraphs 
that possess additional structure. The resulting theory has a wide range of inter- 
esting applications and ramifications. We present here the basic elements of this 
important topic. 

A network N := N(a,y) is a digraph D (the underlying digraph of N) with 
two distinguished vertices, a source x and a sink y, together with a nonnegative 
real-valued function c defined on its arc set A. The vertex x corresponds to a 
production centre, and the vertex y to a market. The remaining vertices are called 
intermediate vertices, and the set of these vertices is denoted by J. The function 
c is the capacity function of N and its value on an arc a the capacity of a. The 
capacity of an arc may be thought of as representing the maximum rate at which 
a commodity can be transported along it. It is convenient to allow arcs of infinite 
capacity, along which commodities can be transported at any desired rate. Of 
course, in practice, one is likely to encounter transportation networks with several 
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production centres and markets, rather than just one. However, this more general 
situation can be reduced to the case of networks that have just one source and one 
sink by means of a simple device (see Exercise 7.1.3). 

We find the following notation useful. If f is a real-valued function defined on 
a set A, and if S C A, we denote the sum }? <4 f(a) by f(S). Furthermore, when 
A is the arc set of a digraph D, and X C V, we set 


f*(X) := f(OT(X)) and f-(X) := f(O(X)) 


FLOWS 


An (2,y)-flow (or simply a flow) in N is a real-valued function f defined on A 
satisfying the condition: 


ftv) =f (v) forall vel (7.1) 


The value f(a) of f on an arc a can be likened to the rate at which material is 
transported along a by the flow f. Condition (7.1) requires that, for any interme- 
diate vertex v, the rate at which material is transported into v is equal to the rate 
at which it is transported out of v. For this reason, it is known as the conservation 
condition. 

A flow f is feasible if it satisfies, in addition, the capacity constraint: 


0<f(a)<c(a) forall acA (7.2) 


The upper bound in condition (7.2) imposes the natural restriction that the rate of 
flow along an arc cannot exceed the capacity of the arc. Throughout this chapter, 
the term flow always refers to one that is feasible. 

Every network has at least one flow, because the function f defined by f(a) := 
0, for all a € A, clearly satisfies both (7.1) and (7.2); it is called the zero flow. 
A less trivial example of a flow is given in Figure 7.1. The flow along each arc is 
indicated in bold face, along with the capacity of the arc. 


23 05 


15 23 


Fig. 7.1. A flow in a network 
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If X is a set of vertices in a network N and f isa flow in N, then ft(X)—f7 (X) 
is called the net flow out of X, and f~(X)—f*(X) the net flow into X, relative to 
f. The conservation condition (7.1) requires that the net flow ft(v) — f~(v) out 
of any intermediate vertex be zero, thus it is intuitively clear and not difficult to 
show that, relative to any (x, y)-flow f, the net flow f*(a)—f7~ (x) out of x is equal 
to the net flow f~(y) — f(y) into y (Exercise 7.1.1b). This common quantity is 
called the value of f, denoted val(f). For example, the value of the flow indicated 
in Figure 7.1 is 2+4=6. The value of a flow f may, in fact, be expressed as the 
net flow out of any subset X of V such that « © X and y € V \ X, as we now 
show. 


Proposition 7.1 For any flow f in a network N(x,y) and any subset X of V 
such that x € X andyeEV\X, 


val (f) = f*(X) — f7(X) (7.3) 
Proof From the definition of a flow and its value, we have 
+i) e-oy _J val(f) tf vee 
Po)-f w)={ 0 if vEeX\ {zx} 
Summing these equations over X and simplifying (Exercise 7.1.2), we obtain 


val (f) = $0 (f*(v) — 7 (e)) = F(X) — F(X) 


vEX 


A flow in a network N is a maximum flow if there is no flow in N of greater 
value. Maximum flows are of obvious importance in the context of transportation 
networks. A network N(a,y) which has a directed (a, y)-path all of whose arcs are 
of infinite capacity evidently admits flows of arbitrarily large value. However, such 
networks do not arise in practice, and we assume that all the networks discussed 
here have maximum flows. We study the problem of finding such flows efficiently. 


Problem 7.2 MAxiImMuM FLow 
GIVEN: a network N(x, y), 
FIND: a maximum flow from « to y in N. 


CuTs 


It is convenient to denote a digraph D with two distinguished vertices x and y by 
D(a, y). An (x, y)-cut in a digraph D(z, y) is an outcut 0*(X) such that x € X and 
y € V\X, anda cut in a network N(a, y) is an (x, y)-cut in its underlying digraph. 
We also say that such a cut separates y from x. In the network of Figure 7.2, 
the heavy lines indicate a cut 0*(X), where X is the set of solid vertices. The 
capacity of a cut K := 0*(X) is the sum of the capacities of its arcs, c(X). We 
denote the capacity of K by cap (K). The cut indicated in Figure 7.2 has capacity 
3+7+14+5=16. 
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Fig. 7.2. A cut in a network 


Flows and cuts are related in a simple fashion: the value of any (2, y)-flow is 
bounded above by the capacity of any cut separating y from z. In proving this 
inequality, it is convenient to call an arc a f-zero if f(a) = 0, f-positive if f(a) > 0, 
f-unsaturated if f(a) < c(a), and f-saturated if f(a) = c(a). 


Theorem 7.3 For any flow f and any cut K := 0*(X) in a network N, 
val (f) < cap (K) 


Furthermore, equality holds in this inequality if and only if each arc in O*(X) is 
f-saturated and each arc in O-(X) is f-zero. 


Proof By (7.2), 
ft(X) <c*(X) and f-(X) >0 (7.4) 


Thus, applying Proposition 7.1, 
val (f) = f"(X) — f-(X) < e*(X) = cap (Kk) 


We have val(f) = cap (I) if and only if equality holds in (7.4), that is, if and only 
if each arc of O*(X) is f-saturated and each arc of 0~(X) is f-zero. 


A cut K in a network N is a minimum cut if no cut in N has a smaller capacity. 


Corollary 7.4 Let f be a flow and K a cut. If val(f) = cap(K), then f is a 
maximum flow and K is a minimum cut. 


Proof Let f* be a maximum flow and K* a minimum cut. By Theorem 7.3, 
val (f) < val (f*) < cap (K*) < cap (K) 


But, by hypothesis, val(f) = cap (i). It follows that val(f) = val(f*) and 
cap (*) = cap (K). Thus f is a maximum flow and K is a minimum cut. 
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Exercises 


*7.1.1 Let D = (V, A) be a digraph and f a real-valued function on A. Show that: 
a) D{fT() sve V}= Df (uv) ve Vi, 
b) if f is an (a, y)-flow, the net flow f*(x) — f~(x) out of x is equal to the net 
flow f~(y) — f*(y) into y. 
*x7.1.2 


a) Show that, for any flow f in a network N and any set X CV, 


Yo (e) — £7) = FFX) — F(X) 


vex 


b) Give an example of a flow f in a network such that })... ft (v) 4 f*(X) and 
Dex dt (eT): 


*7.1.3 Let N := N(X,Y) be a network with source set X and sink set Y. Construct 
a new network N’ := N’(a,y) as follows. 


> Adjoin two new vertices x and y. 
> Join x to each source by an arc of infinite capacity. 
> Join each sink to y by an arc of infinite capacity. 


For any flow f in N, consider the function f’ defined on the arc set of N’ by: 


f(a) if ais an arc of N 
f(a) :=¢ ft(v) ifa=(a,v) 
f-(v) ifa=(v,y) 


a) Show that f’ is a flow in N’ with the same value as f. 
b) Show, conversely, that the restriction of a flow in N’ to the arc set of N is a 
flow in N of the same value. 


7.1.4 Let N(x, y) be a network which contains no directed (a, y)-path. Show that 
the value of a maximum flow and the capacity of a minimum cut in N are both 
zero. 


7.2 The Max-Flow Min-Cut Theorem 


We establish here the converse of Corollary 7.4, namely that the value of a maxi- 
mum flow is always equal to the capacity of a minimum cut. 

Let f be a flow in a network N := N(a,y). With each x-path P in N (not 
necessarily a directed path), we associate a nonnegative integer ¢(P) defined by: 
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e(P) := min{e(a) : a € A(P)} 
where 


ay: c(a) — f(a) if ais a forward arc of P 
ee f(a) if a is a reverse arc of P 


As we now explain, «(P) is the largest amount by which the flow f can be 
increased along P without violating the constraints (7.2). The path P is said to 
be f-saturated if e(P) = 0 and f-unsaturated if «(P) > 0 (that is, if each forward 
arc of P is f-unsaturated and each reverse arc of P is f-positive). Put simply, 
an f-unsaturated path is one that is not being used to its full capacity. An f- 
incrementing path is an f-unsaturated (x, y)-path. For example, in the network 
of Figure 7.3a, the path P := xv ,v2u3y is such a path. The forward arcs of P are 
(%,v1) and (v3, y), and e(P) = min {5,2,5,4} = 2. 

The existence of an f-incrementing path P is significant because it implies 
that f is not a maximum flow. By sending an additional flow of e(P) along P, one 
obtains a new flow f’ of greater value. More precisely, define f’ : A — R by: 


f(a) +e(P) if ais a forward arc of P 
f'(a):= ¢ f(a)—e€(P)_ if ais a reverse arc of P (7.5) 
f(a) otherwise 


We then have the following proposition, whose proof is left as an exercise (7.2.1). 


Proposition 7.5 Let f be a flow in a network N. If there is an f-incrementing 
path P, then f is not a maximum flow. More precisely, the function f' defined by 
(7.5) is a flow in N of value val (f’) = val (f) + €(P). 


We refer to the flow f’ defined by (7.5) as the incremented flow based on P. 
Figure 7.3b shows the incremented flow in the network of Figure 7.3a based on the 
f-incrementing path xv vav3y. 

What if there is no f-incrementing path? The following proposition addresses 
this eventuality. 


Proposition 7.6 Let f be a flow in a network N := N(a,y). Suppose that there 
is no f-incrementing path in N. Let X be the set of all vertices reachable from x 
by f-unsaturated paths, and set K := 0*(X). Then f is a maximum flow in N 
and K is a minimum cut. 


Proof Clearly « € X. Also, y € V \ X because there is no f-incrementing path. 
Therefore K is a cut in N. 

Consider an arc a € 0*(X), with tail u and head v. Because u € X, there exists 
an f-unsaturated (x,u)-path Q. If a were f-unsaturated, Q could be extended by 
the arc a to yield an f-unsaturated (a, v)-path. But v € V \ X, so there is no such 
path. Therefore a must be f-saturated. Similar reasoning shows that if a € 07 (X), 
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U1 23 04 22 Us v1.23 04 22 vs 
(a) (b) 


Fig. 7.3. (a) An f-incrementing path P, and (b) the incremented flow based on P 


then a must be f-zero. By Theorem 7.3, we have val (f) = cap (A). Corollary 7.4 
now implies that f is a maximum flow in N and that K is a minimum cut. 


A far-reaching consequence of Propositions 7.5 and 7.6 is the following theorem, 
due independently to Elias et al. (1956) and Ford and Fulkerson (1956). 


Theorem 7.7 THE MAXx-FLOW MIN-CUT THEOREM 
In any network, the value of a mazimum flow is equal to the capacity of a minimum 
cut. 


Proof Let f be a maximum flow. By Proposition 7.5, there can be no f- 
incrementing path. The theorem now follows from Proposition 7.6. 


The Max-Flow Min-Cut Theorem (7.7) shows that one can always demonstrate 
the optimality of a maximum flow simply by exhibiting a cut whose capacity is 
equal to the value of the flow. Many results in graph theory are straightforward 
consequences of this theorem, as applied to suitably chosen networks. Among these 
are two fundamental theorems due to K. Menger, discussed at the end of this 
chapter (Theorems 7.16 and 7.17). Other important applications of network flows 
are given in Chapter 16. 


THE FORD-FULKERSON ALGORITHM 
The following theorem is a direct consequence of Propositions 7.5 and 7.6. 


Theorem 7.8 A flow f in a network is a maximum flow if and only if there is no 
f-incrementing path. 


This theorem is the basis of an algorithm for finding a maximum flow in a 
network. Starting with a known flow f, for instance the zero flow, we search for 
an f-incrementing path by means of a tree-search algorithm. An z-tree T is f- 
unsaturated if, for every vertex v of T, the path «Tv is f-unsaturated. An example 
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Fig. 7.4. An f-unsaturated tree 


is shown in the network of Figure 7.4. It is a tree T of this type that we grow in 
searching for an f-incrementing path. 

Initially, the tree T’ consists of just the source x. At any stage, there are two 
ways in which the tree may be grown. If there exists an f-unsaturated arc a in 
0*(X), where X = V(T), both a and its head are adjoined to T. Similarly, if there 
exists an f-positive arc a in 0~(X), both a and its tail are adjoined to T. If the 
tree T reaches the sink y, the path «Ty is an f-incrementing path, and we replace 
f by the flow f’ defined in (7.5). If T fails to reach the sink, and is a maximal 
f-unsaturated tree, each arc in 0*(X) is f-saturated and each arc in 07 (X) is 
f-zero. We may then conclude, by virtue of Theorem 7.3, that the flow f is a 
maximum flow and the cut 0*(X) a minimum cut. We refer to this tree-search 
algorithm as Incrementing Path Search (IPS) and to a maximal f-unsaturated tree 
which does not include the sink as an [PS-tree. 


Algorithm 7.9 MAx-FLow MIn-Cut (MFMC) 


INPUT: a network N := N(a,y) and a feasible flow f in N 
OUTPUT: a maximum flow f and a minimum cut 0*(X) in N 
1: set X := {x}, p(v) :=0, EV 
2: while there is either an f-unsaturated arc a := (u,v) or an f-positive arc 
a:=(v,u) withue X andvEV\ X do 
replace X by X U{v} 
replace p(v) by u 
end while 
» fy eX then 
compute €(P) := min{e(a) : a € A(P)}, where P is the xy-path in the 
tree whose predecessor function is p 
8: for each forward arc a of P, replace f(a) by f(a) + €(P) 
9: for each reverse arc a of P, replace f(a) by f(a) — €(P) 
10: — return to 1 
11: end if 
12: return (f,OT(X)) 


SS Sto SS 
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Fig. 7.5. (a) A flow f, (b) an f-unsaturated tree, (c) the f-incrementing path, (d) the 
f-incremented flow, (e) an IPS-tree, and (f) a minimum cut 


As an example, consider the network shown in Figure 7.5a, with the indicated 
flow. Applying IPS, we obtain the f-unsaturated tree shown in Figure 7.5b. Be- 
cause this tree includes the sink y, the xy-path contained in it, namely xvi veusy, 
is an f-incrementing path (see Figure 7.5c). By incrementing f along this path, 
we obtain the incremented flow shown in Figure 7.5d. 
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Now, an application of IPS to the network with this new flow results in the 
IPS-tree shown in Figure 7.5e. We conclude that the flow shown in Figure 7.5d is 
a maximum flow. The minimum cut 0*(X), where X is the set of vertices reached 
by the [PS-tree, is indicated in Figure 7.5f. 

When all the capacities are integers, the value of the flow increases by at least 
one at each iteration of the Max-Flow Min-Cut Algorithm, so the algorithm will 
certainly terminate after a finite number of iterations. A similar conclusion applies 
to the case in which all capacities are rational numbers (Exercise 7.2.3). On the 
other hand, the algorithm will not necessarily terminate if irrational capacities are 
allowed. An example of such a network was constructed by Ford and Fulkerson 
(1962). 

In applications of the theory of network flows, one is often required to find 
flows that satisfy additional restrictions, such as supply and demand constraints 
at the sources and sinks, respectively, or specified positive lower bounds on flows 
in individual arcs. Most such problems can be reduced to the problem of finding 
maximum flows in associated networks. Examples may be found in the books by 
Bondy and Murty (1976), Chvatal (1983), Ford and Fulkerson (1962), Lovdsz and 
Plummer (1986), and Schrijver (2003). 


Exercises 


«7.2.1 Give a proof of Proposition 7.5. 


7.2.2 If all the capacities in a network are integer-valued, show that the maximum 
flow returned by the Max-Flow Min-Cut Algorithm is integer-valued. 


*7.2.3 Show that the Max-Flow Min-Cut Algorithm terminates after a finite num- 
ber of incrementing path iterations when all the capacities are rational numbers. 


7.2.4 Let f be a function on the arc set A of a network N := N(a,y) such that 
0 < f(a) < c(a) for all a € A. Show that f is a flow in N if and only if f isa 
nonnegative linear combination of incidence vectors of directed (a, y)-paths. 


ev 


7.2.5 DEGREE SEQUENCES OF BIPARTITE GRAPHS 

Let p:=(p1, p2,---,;Pm) and q:=(q1, G2,---, Qn) be two sequences of nonnegative in- 
tegers. The pair (p,q) is said to be realizable by a simple bipartite graph if there ex- 
ists a simple bipartite graph G with bipartition ({21, v2,...,U%m}$,{y1, y2,---,Yn}), 
such that d(x;) = p;, for 1<i< m, and d(y;) = 4q,, for 1 <j <n. 


a) Formulate as a network flow problem the problem of determining whether a 
given pair (p,q) is realizable by a simple bipartite graph. 

b) Suppose that g1 > g2 > +--+: > qn. Deduce from the Max-Flow Min-Cut Theo- 
rem that (p,q) is realizable by a simple bipartite graph if and only if: 
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m n m k 
Son =) 0G and S > min{p;,k} > SoG for 1<k<n 
i=1 j=l i=1 j=l 


(D. GALE AND H.J. RySER) 


7.2.6 DEGREE SEQUENCES OF DIRECTED GRAPHS 
Let D be a strict digraph and let p and q be two nonnegative integer-valued 
functions on V. 


a) Consider the problem of determining whether D has a spanning subdigraph 
HT such that: 
d7(v) = p(v) and di(v)=q(v) forall veV 


Formulate this as a network flow problem. 
b) Deduce from the Max-Flow Min-Cut Theorem that D has a subdigraph H 
satisfying the condition in (a) if and only if: 


i) So pv) = So a), 


vEV vEV 
ii) ys q(v) < S- pv) +a(S,V \T) for all S,T CV. 
ves vEeT 
c) Taking D to be the complete directed graph on n vertices and applying (b), 
find necessary and sufficient conditions for two sequences p := (p1, P2,---,Pn) 
and q := (q1,92;---;Qn) to be realizable as the in- and outdegree sequences of 


a strict digraph on n vertices. 


7.3 Arc-Disjoint Directed Paths 


A communications network N with one-way communication links may be modelled 
by a directed graph D whose vertices correspond to the stations of N and whose 
arcs correspond to its links. In order to be able to relay information in N from 
station x to station y, the digraph D must clearly contain a directed (x, y)-path. In 
practice, however, the possible failure of communication links (either by accident or 
by sabotage) must also be taken into account. For example, if all the directed (x, y)- 
paths in D should happen to contain one particular arc, and if the communication 
link corresponding to that arc should fail or be destroyed, it would no longer be 
possible to relay information from «x to y. This situation would not arise if D 
contained two arc-disjoint directed (x, y)-paths. More generally, if D had k arc- 
disjoint directed (x, y)-paths, x would still be able to send messages to y even if 
k — 1 links should fail. The maximum number of arc-disjoint directed (x, y)-paths 
is therefore a relevant parameter in this context, and we are led to the following 
problem. 


Problem 7.10 ARrc-DIsJOINT DIRECTED PATHS (ADDP) 


GIVEN: a digraph D := D(a, y), 
FIND: a maximum family of arc-disjoint directed (x, y)-paths in D. 
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Let us now look at the network from the viewpoint of a saboteur who wishes 
to disrupt communications from x to y. The saboteur will seek to eliminate all 
directed (a, y)-paths in D by destroying arcs, preferably as few as possible. Now, 
a minimal set of arcs whose deletion destroys all directed (x, y)-paths is nothing 
but an (a, y)-cut. The saboteur’s problem can thus be stated as follows. 


Problem 7.11 Minimum Arc Cur 
GIVEN: a digraph D := D(x, y), 
FIND: a minimum (a, y)-cut in D. 


As the reader might have guessed, these problems can be solved by applying 
network flow theory. The concept of a circulation provides the essential link. 


CIRCULATIONS 


A circulation in a digraph D is a function f : A — R which satisfies the conserva- 
tion condition at every vertex: 


fi(v) =f (v), forallueV (7.6) 


Figure 7.6a shows a circulation in a digraph. 


a a NY 


3 
(a) (0) 


Fig. 7.6. (a) A circulation in a digraph, and (b) a circulation associated with a cycle 


Circulations in a digraph D can be expressed very simply in terms of the 
incidence matrix of D. Recall that this is the matrix M = (my) whose rows and 
columns are indexed by the vertices and arcs of D, respectively, where, for a vertex 
v and arc a, 


1 if ais a link and v is the tail of a 
Mya i= « —1 if ais a link and v is the head of a 
0 otherwise 


The incidence matrix of a digraph is shown in Figure 7.7. 

We frequently identify a real-valued function f defined on a set S with the 
vector f := (f(a) : a € S). With this convention, the conservation condition (7.6) 
for a function f to be a circulation in D may be expressed in matrix notation as: 
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U 1 v 
; a | 1 23 45 6 7 8 
| é u} 1 0 O-1 1 0 0 0 
4 9 vj-l 1 0 0 0-1 0 0 
| 3 /ON7 wl 0 0 0 0-1 1 1-1 
z} 0 O-1 1 0 0 0 1 
WA ON, y} O-1 1 0 0 0-1 0 
x 3 y 
D M 
Fig. 7.7. A digraph and its incidence matrix 
Mf =0 (7.7) 


where M is the n x m incidence matrix of D and 0 the n x 1 zero-vector. 

Circulations and flows can be readily transformed into one another. If f is 
a circulation in a digraph D := (V,A), and if a = (y,x) is an arc of D, the 
restriction f’ of f to A\a is an (a, y)-flow of value f(a) in the digraph D’ := D\a 
(Exercise 7.3.2). Conversely, if f is an (a, y)-flow in a digraph D := (V, A), and 
if D’ is the digraph obtained from D by adding a new arc a’ from y to 2, the 
extension f’ of f to AU {a’} defined by f’(a’) := val(f) is a circulation in D’. By 
virtue of these transformations, results on flows and circulations go hand in hand. 
Often, it is more convenient to study circulations rather than flows because the 
conservation condition (7.6) is then satisfied uniformly, at all vertices. 

The support of a real-valued function is the set of elements at which its value 
is nonzero. 


Lemma 7.12 Let f be a nonzero circulation in a digraph. Then the support of f 
contains a cycle. Moreover, if f is nonnegative, then the support of f contains a 
directed cycle. 


Proof The first assertion follows directly from Theorem 2.1, because the support 
of a nonzero circulation can contain no vertex of degree less than two. Likewise, 
the second assertion follows from Exercise 2.1.11la. 


Certain circulations are of particular interest, namely those associated with 
cycles. Let C be a cycle, together with a given sense of traversal. An arc of C isa 
forward arc if its direction agrees with the sense of traversal of C’, and a reverse 
arc otherwise. We denote the sets of forward and reverse arcs of C by Ct and C~, 
respectively, and associate with C the circulation fc defined by: 


1 if aect 
fe(a):=4 -1 if aEeC7 
0 if a¢gC 


It can be seen that fc is indeed a circulation. Figure 7.6b depicts a circulation 
associated with a cycle (the sense of traversal being counterclockwise). 
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Proposition 7.13 Every circulation in a digraph is a linear combination of the 
circulations associated with its cycles. 


Proof Let f be a circulation, with support S. We proceed by induction on |,}. 
There is nothing to prove if S = 0. If S is nonempty, then S contains a cycle C 
by Lemma 7.12. Let a be any arc of C’, and choose the sense of traversal of C so 
that fo(a) = 1. Then f’ := f — f(a) fe is a circulation whose support is a proper 
subset of S'. By induction, f’ is a linear combination of circulations associated with 
cycles, so f = f’ + f(a) fc is too. 


There is an analogous statement to Proposition 7.13 in the case where the 
circulation is nonnegative. The proof is essentially the same (Exercise 7.3.4). 


Proposition 7.14 Every nonnegative circulation in a digraph is a nonnegative 
linear combination of the circulations associated with its directed cycles. Moreover, 
if the circulation is integer-valued, the coefficients of the linear combination may 
be chosen to be nonnegative integers. 


The relationship between circulations and flows described above implies the 
following corollary. 


Corollary 7.15 Let N := N(a,y) be a network in which each arc is of wnit ca- 
pacity. Then N has an (a,y)-flow of value k if and only if its underlying digraph 
D(x,y) has k arc-disjoint directed (x, y)-paths. 


MENGER’S THEOREM 


In view of Corollary 7.15, Problems 7.10 and 7.11 can both be solved by the 
Max-Flow Min-Cut Algorithm. Moreover, the Max-Flow Min-Cut Theorem in this 
special context becomes a fundamental min-max theorem on digraphs, due to 
Menger (1927). 


Theorem 7.16 MENGER’S THEOREM (ARC VERSION) 
In any digraph D(a,y), the maximum number of pairwise arc-disjoint directed 
(a, y)-paths is equal to the minimum number of arcs in an (a, y)-cut. 


There is a corresponding version of Menger’s Theorem for undirected graphs. 
As with networks and digraphs, it is convenient to adopt the notation G(x, y) to 
signify a graph G with two distinguished vertices 7 and y. By an wy-cut in a graph 
G(a,y), we mean an edge cut O(X) such that « € X and y € V \ X. We say that 
such an edge cut separates x and y. 


Theorem 7.17 MENGER’S THEOREM (EDGE VERSION) 
In any graph G(a,y), the maximum number of pairwise edge-disjoint xy-paths is 
equal to the minimum number of edges in an xy-cut. 
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Theorem 7.17 can be derived quite easily from Theorem 7.16. Likewise, the 
undirected version of Problem 7.10 can be solved by applying the Max-Flow Min- 
Cut Algorithm to an appropriate network (Exercise 7.3.5). In Chapter 8, we explain 
how vertex versions of Menger’s Theorems (7.16 and 7.17) can be derived from 
Theorem 7.16. These theorems play a central role in graph theory, as is shown in 
Chapter 9. 


Exercises 


*7.3.1 


a) Let D = (V,A) be a digraph, and let f be a real-valued function on A. Show 
that f is a circulation in D if and only if ft(X) = f~(X) for all X CV. 
b) Let f be a circulation in a digraph D, with support S. Deduce that: 
i) D[S] has no cut edges, 
ii) if f is nonnegative, then D[S] has no directed bonds. 


*7.3.2 Let f be a circulation in a digraph D := (V,A), and let a = (y,x) be an 
arc of D. Show that the restriction f’ of f to A’ := A\ a is an (a, y)-flow in 
D! := (V,A’) of value f(a). 


7.3.3 Let f and f’ be two flows of equal value in a network N. Show that f — f’ 
is a circulation in N. 


*7.3.4 Prove Proposition 7.14. 


*7.3.5 


a) Deduce Theorem 7.17 from Theorem 7.16. 
b) The undirected version of Problem 7.10 may be expressed as follows. 


Problem 7.18 EDGE-DISJOINT PATHS (EDP) 
GIVEN: a graph G := G(a,y), 
FIND: a maximum family of edge-disjoint xy-paths in G. 


Explain how this problem can be solved by applying the Max-Flow Min-Cut 
Algorithm to an appropriate network. 


ee 


7.4 Related Reading 


MULTICOMMODITY FLOWS 


In this chapter, we have dealt with the problem of transporting a single commodity 
along the arcs of a network. In practice, transportation networks are generally 
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shared by many users, each wishing to transport a different commodity from one 
location to another. This gives rise to the notion of a multicommodity flow. Let 
N be a network with k source-sink pairs (2;, yi), 1 <i < k, and let d; denote the 
demand at y; for commodity 7, 1 <i < k. The k-commodity flow problem consists 
of finding functions f; : A — R, 1 <i <k, such that: 


(i) fi is a flow in N of value d; from x; to yj, 1<i<k, 
(ii) for each arc a of D, a fila) < c(a). 


For a subset X of V, let d(X) denote the quantity \*{d; : x; € X,y; © V\X}. If 
there is a solution to the k-commodity flow problem, the inequality d(X) < ct(X), 
known as the cut condition, must hold for all subsets X of V. For k = 1, this cut 
condition is equivalent to the condition val (f) < cap (A) of Theorem 7.3. By the 
Max-Flow Min-Cut Theorem (7.7), this condition is sufficient for the existence of 
a flow of value d,. However, even for k = 2, the cut condition is not sufficient for 
the 2-commodity flow problem to have a solution, as is shown by the network with 
unit capacities and demands depicted in Figure 7.8a. 

There is another noteworthy distinction between the single commodity and the 
multicommodity flow problems. Suppose that all capacities and demands are in- 
tegers and that there is a k-commodity flow meeting all the requirements. When 
k = 1, this implies the existence of such a flow which is integer-valued (Exer- 
cise 7.2.2). The same is not true for k > 2. Consider, for example, the network 
in Figure 7.8b, again with unit capacities and demands. This network has the 2- 
commodity flow (fi, f2), where fi(a) = fo(a) = 1/2 for all a € A, but it has no 
2-commodity flow which takes on only integer values. 


LQ 
Uy v2 
v1 V1 
Yy2 Y1 
o— —} 
Y2 
(a) (0) 


Fig. 7.8. Examples of networks: (a) satisfies the cut condition but has no 2-commodity 
flow, (b) has a fractional 2-commodity flow, but not one which is integral 
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8.1 Computational Complexity 


In this chapter, we see how problems may be classified according to their level of 
difficulty. 

Most problems that we consider in this book are of a general character, applying 
to all members of some family of graphs or digraphs. By an instance of a problem, 
we mean the problem as applied to one specific member of the family. For example, 
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an instance of the Minimum-Weight Spanning Tree Problem is the problem of 
finding an optimal tree in a particular weighted connected graph. 

An algorithm for solving a problem is a well-defined computational procedure 
which accepts any instance of the problem as input and returns a solution to the 
problem as output. For example, the Jarnifk—Prim Algorithm (6.9) accepts as input 
a weighted connected graph G and returns as output an optimal tree. 

As we have seen, many problems of practical importance can be formulated in 
terms of graphs. Designing computationally efficient algorithms for solving these 
problems is one of the main concerns of graph theorists and computer scientists. 
The two aspects of theoretical interest in this regard are, firstly, to verify that a 
proposed algorithm does indeed perform correctly and, secondly, to analyse how 
efficient a procedure it is. We have already encountered algorithms for solving a 
number of basic problems. In each case, we have established their validity. Here, 
we discuss the efficiency of these and other algorithms. 

By the computational complexity (or, for short, complexity) of an algorithm, we 
mean the number of basic computational steps (such as arithmetical operations 
and comparisons) required for its execution. This number clearly depends on the 
size and nature of the input. In the case of graphs, the complexity is a function 
of the number of bits required to encode the adjacency list of the input graph 
G, a function of n and m. (The number of bits required to encode an integer k 
is flog, k].) Naturally, when the input includes additional information, such as 
weights on the vertices or edges of the graph, this too must be taken into account 
in calculating the complexity. If the complexity is bounded above by a polynomial 
in the input size, the algorithm is called a polynomial-time algorithm. Such an 
algorithm is further qualified as linear-time if the polynomial is a linear function, 
quadratic-time if it is a quadratic function, and so on. 


THE CLASS P 


The significance of polynomial-time algorithms is that they are usually found to 
be computationally feasible, even for large input graphs. By contrast, algorithms 
whose complexity is exponential in the size of the input have running times which 
render them unusable even on inputs of moderate size. For example, an algorithm 
which checks whether two graphs on n vertices are isomorphic by considering all n! 
bijections between their vertex sets is feasible only for small values of n (certainly 
no greater than 20), even on the fastest currently available computers. The class 
of problems solvable by polynomial-time algorithms is denoted by P. 

The tree-search algorithms discussed in Chapter 6 are instances of polynomial- 
time algorithms. In breadth-first search, each edge is examined for possible inclu- 
sion in the tree just twice, when the adjacency lists of its two ends are scanned. 
The same is true of depth-first search. Therefore both of these algorithms are lin- 
ear in m, the number of edges. The Jarnik—Prim Algorithm involves, in addition, 
comparing weights of edges, but it is easily seen that the number of comparisons 
is also bounded by a polynomial in m. 
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Unlike the other algorithms described in Chapter 6, the Max-Flow Min-Cut 
Algorithm is not a polynomial-time algorithm even when all the capacities are 
integers; the example in Exercise 8.1.1 shows that, in the worst case, the algorithm 
may perform an arbitrarily large number of iterations before returning a maximum 
flow. Fortunately, this eventuality can be avoided by modifying the way in which 
IPS is implemented, as was shown by Edmonds and Karp (1970) and Dinic (1970). 
Among all the arcs in 0(7) that qualify for inclusion in T, preference is given to 
those which are incident to the vertex that entered T the earliest, just as in breadth- 
first search, resulting in a shortest incrementing path. It can be shown that, with 
this refinement, the number of iterations of IPS is bounded by a polynomial in n 
and thus yields a polynomial-time algorithm. 

Although our analysis of these algorithms is admittedly cursory, and leaves out 
many pertinent details, it should be clear that they do indeed run in polynomial 
time. A thorough analysis of these and other graph algorithms can be found in the 
books by Aho et al. (1975) and Papadimitriou (1994). On the other hand, there 
are many basic problems for which polynomial-time algorithms have yet to be 
found, and indeed might well not exist. Determining which problems are solvable 
in polynomial time and which are not is evidently a fundamental question. In this 
connection, a class of problems denoted by MP (standing for nondeterministic 
polynomial-time) plays an important role. We give here an informal definition of 
this class; a precise treatment can be found in Chapter 29 of the Handbook of 
Combinatorics (Graham et al. (1995)), or in the book by Garey and Johnson 
(1979). 


THE CLASSES WP AND CO-NP 


A decision problem is a question whose answer is either ‘yes’ or ‘no’. Such a problem 
belongs to the class P if there is a polynomial-time algorithm that solves any 
instance of the problem in polynomial time. It belongs to the class NP if, given 
any instance of the problem whose answer is ‘yes’, there is a certificate validating 
this fact which can be checked in polynomial time; such a certificate is said to 
be succinct. Analogously, a decision problem belongs to the class co-N’P if, given 
any instance of the problem whose answer is ‘no’, there is a succinct certificate 
which confirms that this is so. It is immediate from these definitions that P C 
NP, inasmuch as a polynomial-time algorithm constitutes, in itself, a succinct 
certificate. Likewise, P C co-VP. Thus 


PCNP 1 co-NP 


Consider, for example, the problem of determining whether a graph is bipartite. 
This decision problem belongs to VP, because a bipartition is a succinct certificate: 
given a bipartition (X,Y) of a bipartite graph G, it suffices to check that each edge 
of G has one end in X and one end in Y. The problem also belongs to co-NP 
because, by Theorem 4.7, every nonbipartite graph contains an odd cycle, and any 
such cycle constitutes a succinct certificate of the graph’s nonbipartite character. 
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It thus belongs to VP M co-N’P. In fact, as indicated in Exercise 6.1.3, it belongs 
to P. 

As a second example, consider the problem of deciding whether a graph G(x, y) 
has k edge-disjoint xy-paths. This problem is clearly in VP, because a family of 
k edge-disjoint xy-paths is a succinct certificate: given such a family of paths, 
one may check in polynomial-time that it indeed has the required properties. The 
problem is also in co-NP because, by Theorem 7.17, a graph that does not have 
k edge-disjoint xy-paths has an xy-edge cut of size less than k. Such an edge cut 
serves as a succinct certificate for the nonexistence of k edge-disjoint xy-paths. 
Finally, because the maximum number of edge-disjoint xy-paths can be found in 
polynomial time by applying the Max-Flow Min-Cut Algorithm (7.9) (see Exer- 
cise 7.3.5) this problem belongs to P, too. 

Consider, now, the problem of deciding whether a graph has a Hamilton cycle. 


Problem 8.1 HAMILTON CYCLE 
GIVEN: a graph G, 
DECIDE: Does G have a Hamilton cycle? 


If the answer is ‘yes’, then any Hamilton cycle would serve as a succinct cer- 
tificate. However, should the answer be ‘no’, what would constitute a succinct 
certificate confirming this fact? In contrast to the two problems described above, 
no such certificate is known! In other words, notwithstanding that HAMILTON Cy- 
CLE is clearly a member of the class NP, it has not yet been shown to belong to 
co-NP, and might very well not belong to this class. The same is true of the de- 
cision problem for Hamilton paths. These two problems are discussed in detail in 
Chapter 18. 

Many problems that arise in practice, such as the Shortest Path Problem (6.11), 
are optimization problems rather than decision problems. Nonetheless, each such 
problem implicitly includes an infinitude of decision problems. For example, the 
Shortest Path Problem includes, for each real number @, the following decision 
problem. Given a weighted directed graph (D, w) with two specified vertices x and 
y, is there a directed (x, y)-path in D of length at most ¢? 

We have noted three relations of inclusion among the classes P, WP, and 
co-NP, and it is natural to ask whether these inclusions are proper. Because 
P =NP if and only if P = co-N’P, two basic questions arise, both of which have 
been posed as conjectures. 


THE COOK—EDMONDS-—LEVIN CONJECTURE 


Conjecture 8.2 PANP 
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EDMONDS’ CONJECTURE 


Conjecture 8.3 P=NP Nco-NP 


Conjecture 8.2 is one of the most fundamental open questions in all of math- 
ematics. (A prize of one million dollars has been offered for its resolution.) It is 
widely (but not universally) believed that the conjecture is true, that there are 
problems in VP for which no polynomial-time algorithm exists. One such prob- 
lem would be HAMILTON CYCLE. As we show in Section 8.3, this problem, and its 
directed analogue DIRECTED HAMILTON CYCLE, are at least as hard to solve as 
any problem in the class NP; more precisely, if a polynomial-time algorithm for 
either of these problems should be found, it could be adapted to solve any problem 
in VP in polynomial time by means of a suitable transformation. Conjecture 8.2 
was, in essence, put forward by J. Edmonds in the mid-1960s, when he asserted 
that there could exist no ‘good’ (that is, polynomial-time) algorithm for the Trav- 
elling Salesman Problem (Problem 2.6). The conjecture thus predates the formal 
definition of the class WP by Cook (1971) and Levin (1973). 

Conjecture 8.3, also proposed by Edmonds (1965c), is strongly supported by 
empirical evidence. Most decision problems which are known to belong to VP M 
co-N’P are also known to belong to P. A case in point is the problem of deciding 
whether a given integer is prime. Although it had been known for some time that 
this problem belongs to both NWP and co-NP, a polynomial-time algorithm for 
testing primality was discovered only much more recently, by Agrawal et al. (2004). 


Exercises 


*8.1.1 


a) Show that, starting with the zero flow, an application of the Max-Flow Min- 
Cut Algorithm (7.9) to the network N in Figure 8.1 might execute 2M + 1 
incrementing path iterations before finding a maximum flow. 

b) Deduce that this algorithm is not a polynomial-time algorithm. 


8.1.2 Show that Fleury’s Algorithm (3.3) is a polynomial-time algorithm. 


ee 


8.1.3 Given a graph G(2,y), consider the problem of deciding whether G has an 
xy-path of odd (respectively, even) length. 


a) Show that this problem: 
i) belongs to NP, 
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Fig. 8.1. A network on which Algorithm 7.9 might require many iterations 


ii) belongs to co-N’P. 
b) Describe a polynomial-time algorithm for solving the problem. 


8.1.4 Describe a polynomial-time algorithm for deciding whether two trees are 
isomorphic. 


8.2 Polynomial Reductions 


A common approach to problem-solving is to transform the given problem into one 
whose solution is already known, and then convert that solution into a solution 
of the original problem. Of course, this approach is feasible only if the transfor- 
mation can be made rapidly. The concept of polynomial reduction captures this 
requirement. 

A polynomial reduction of a problem P to a problem Q is a pair of polynomial- 
time algorithms, one which transforms each instance I of P to an instance J of 
Q, and the other which transforms a solution for the instance J to a solution for 
the instance J. If such a reduction exists, we say that P is polynomially reducible 
to Q, and write P = Q; this relation is clearly both reflexive and transitive. 
The significance of polynomial reducibility is that if P = Q, and if there is a 
polynomial-time algorithm for solving Q, then this algorithm can be converted 
into a polynomial-time algorithm for solving P. In symbols: 


PxXQ and QEPSPEP (8.1) 


A very simple example of the above paradigm is the polynomial reduction to 
the Minimum-Weight Spanning Tree Problem (6.8) of the following problem. 


Problem 8.4 MAXIMUM-WEIGHT SPANNING TREE 
GIVEN: a weighted connected graph G, 
FIND: a mazimum-weight spanning tree in G. 


In order to solve an instance of this problem, it suffices to replace each weight by 
its negative and apply the Jarnfk—Prim Algorithm (6.9) to find an optimal tree in 
the resulting weighted graph. The very same tree will be one of maximum weight in 
the original weighted graph. (We remark that one can similarly reduce the problem 
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of finding a longest xy-path in a graph to the Shortest Path Problem (6.11). 
However no polynomial-time algorithm is known for solving the latter problem 
when there are negative edge weights.) 

Not all reductions are quite as straightforward as this one. Recall that two 
directed (x, y)-paths are internally disjoint if they have no internal vertices in 
common. Consider the following problem, the analogue for internally disjoint paths 
of Problem 7.10, the Arc-Disjoint Directed Paths Problem (ADDP). 


Problem 8.5 INTERNALLY DISJOINT DIRECTED PATHS (IDDP) 
GIVEN: a digraph D := D(x, y), 
FIND: a maximum family of internally disjoint directed (x, y)-paths in D. 


A polynomial reduction of IDDP to ADDP can be obtained by constructing a 
new digraph D’ := D’(a,y) from D as follows. 


> Split each vertex v € V \ {x,y} into two new vertices v~ and vT, joined by a 
new arc (v_, vt). 

> For each arc (u,v) of D, replace its tail u by u* (unless u = x or u = y) and 
its head v by v~ (unless v = x or v = y). 


This construction is illustrated in Figure 8.2. 


D(x,y) D'(x,y) 


Fig. 8.2. Reduction of [DDP to ADDP 


It can be seen that there is a bijection between families of internally disjoint 
directed (a, y)-paths in D and families of arc-disjoint directed (a, y)-paths in D’. 
Thus, finding a maximum family of internally disjoint directed (x, y)-paths in 
D(a,y) amounts to finding a maximum family of arc-disjoint directed (x, y)-paths 
in D’(a,y). This transformation of the instance D(x, y) of IDDP to the instance 
D'(x,y) of ADDP is a polynomial reduction because v(D’) = 2u(D) — 2 and 
a(D’) = a(D) + v(D) — 2. Hence IDDP = ADDP. 

The Max-Flow Min-Cut Algorithm (7.9) is a polynomial-time algorithm for 
solving ADDP. Therefore ADDP € P. Because [DDP x ADDP, we may con- 
clude that J[DDP € P, also. 

Most problems concerning paths in undirected graphs can be reduced to their 
analogues in directed graphs by the simple artifice of considering the associated 
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digraph. As an example, let G := G(x,y) be an undirected graph and let D := 
D(G) be its associated digraph. There is an evident bijection between families 
of internally disjoint xy-paths in G and families of internally disjoint directed 
(a, y)-paths in D. Thus IDP x IDDP, where IDP is the problem of finding 
a maximum family of internally disjoint xy-paths in a given graph G(z,y). We 
showed above that J[DDP € P. It now follows from the transitivity of the relation 
x that IDP EP. 


Exercises 


8.2.1 Consider a network in which a nonnegative integer m(v) is associated with 
each intermediate vertex v. Show how a maximum flow f satisfying the constraint 
f-(v) < m(v), for all v € I, can be found by applying the Max-Flow Min-Cut 
Algorithm to a suitably modified network. 


8.2.2 Consider the following problem. 


Problem 8.6 DISJOINT PATHS 
GIVEN: a graph G, a positive integer k, and two k-subsets X and Y of V, 
DECIDE: Does G have k disjoint (X,Y )-paths? 


Describe a polynomial reduction of this problem to IDP (INTERNALLY DISJOINT 
PATHS). 


8.3 MP-Complete Problems 


THE CLass MPC 


We have just seen how polynomial reductions may be used to produce new 
polynomial-time algorithms from existing ones. By the same token, polynomial 
reductions may also be used to link ‘hard’ problems, ones for which no polynomial- 
time algorithm exists, as can be seen by writing (8.1) in a different form: 


P<Q and P¢€P>Q¢€P 


This viewpoint led Cook (1971) and Levin (1973) to define a special class 
of seemingly intractable decision problems, the class of M’P-complete problems. 
Informally, these are the problems in the class WP which are ‘at least as hard to 
solve’ as any problem in VP. 

Formally, a problem P in VP is NP-complete if P’ x P for every problem P’ 
in NP. The class of ’P-complete problems is denoted by NPC. It is by no means 
obvious that M’“P-complete problems should exist at all. On the other hand, once 
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one such problem has been found, the \VP-completeness of other problems may 
be established by means of polynomial reductions, as follows. 

In order to prove that a problem Q in VP is NP-complete, it suffices to find a 
polynomial reduction to Q of some known N’P-complete problem P. Why is this 
so? Suppose that P is NP-complete. Then P’ = P for all P’ « NP. If P = Q, 
then P’ = Q for all P’ € NP, by the transitivity of the relation =. In other words, 
Q is NP-complete. In symbols: 


P=xQ and PENPCS>QENPC 


Cook (1971) and Levin (1973) made a fundamental breakthrough by showing 
that there do indeed exist M’P-complete problems. More precisely, they proved 
that the satisfiability problem for boolean formulae is \VP-complete. We now de- 
scribe this problem, and examine the theoretical and practical implications of their 
discovery. 


BOOLEAN FORMULAE 


A boolean variable is a variable which takes on one of two values, 0 (‘false’) or 1 
(‘true’). Boolean variables can be combined into boolean formulae, which may be 
defined recursively as follows. 


> Every boolean variable is a boolean formula. 
> If f isa boolean formula, then so too is (=f), the negation of f. 
> If f and g are boolean formulae, then so too are: 

- (f Vg), the disjunction of f and g, 

- (f Ag), the conjunction of f and g. 


These three operations may be thought of informally as ‘not f’, ‘f or g’, and ‘f 
and g’, respectively. The negation of a boolean variable x is often written as Z. 
Thus the expression 

(A(a1 V 72) V x3) \ (a9 V 73) (8.2) 


is a boolean formula in the variables 71, x2, x3. Note that the parentheses are 
needed here to avoid ambiguity as to the order of execution of the various opera- 
tions. (For ease of reading, we omit the outer pair of parentheses.) 

An assignment of values to the variables of a boolean formula is called a truth 
assignment. Given a truth assignment, the value of the formula may be computed 
according to the following rules. 


7 VO 1 A/O 1 
O}1 0/0 1 0|0 0 
1/0 1j1 1 1/0 1 


For instance, if 7; = 1, x2 = 0, and v3 = 1, the value of formula (8.2) is: 


(A(L VO) VI)A(OVT) = (AVL V LV 1I)A(OV0) = (IV1I)A0= (OVI)NAD=1A0=0 
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Two boolean formulae are equivalent (written =) if they take the same value 
for each truth assignment of the variables involved. It follows easily from the above 
rules that negation is an involution: 


“(-f) =f 


and that disjunction and conjunction are commutative, associative, and idempo- 
tent: 
fVg=9Vf, fAg=grf 


fVGVh)=(FV9)Vh, FA(GAh)S=(fAg)AR 
IVfSh, FAs. 
Furthermore, disjunction and conjunction together satisfy the distributive laws: 
fVGAh)=(FV9)ACF VA) FAVA) S(F AG) V (FAR) 
and interact with negation according to de Morgan’s laws: 
Uf VQ=CA/)AC9), AFA 9) = (Hf) V (79) 
Finally, there are the tautologies: 
FVaf=1,  fArf=o. 


Boolean formulae may be transformed into equivalent ones by applying these 
laws. For instance: 


(7(x1 VF) V x3) A (a2 V 53) = 


— 


T/A £2) V a3) A (aq V &3) 
(77 V x3) /\ (a9 V x3)) A (xo V &3) 


SATISFIABILITY OF BOOLEAN FORMULAE 


A boolean formula is satisfiable if there is a truth assignment of its variables for 
which the value of the formula is 1. In this case, we say that the formula is satisfied 
by the assignment. It can be seen that formula (8.2) is satisfiable, for instance by 
the truth assignment x7; = 0, x2 = 1, 23 = 0. But not all boolean formulae are 
satisfiable (x \ ¥ being a trivial example). This poses the general problem: 


Problem 8.7 BOOLEAN SATISFIABILITY (SAT) 
GIVEN: a boolean formula f, 
DECIDE: Is f satisfiable? 
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Observe that SAT belongs to VP: given appropriate values of the variables, it 
can be checked in polynomial time that the value of the formula is indeed 1. These 
values of the variables therefore constitute a succinct certificate. Cook (1971) and 
Levin (1973) proved, independently, that SAT is an example of an \’P-complete 
problem. 


Theorem 8.8 THE COOK—LEVIN THEOREM 
The problem Sav is NP-complete. 


The proof of the Cook—Levin Theorem involves the notion of a Turing machine, 
and is beyond the scope of this book. A proof may be found in Garey and Johnson 
(1979) or Sipser (2005). 

By applying Theorem 8.8, Karp (1972) showed that many combinatorial prob- 
lems are VP-complete. One of these is DIRECTED HAMILTON CYCLE. In order to 
explain the ideas underlying his approach, we need a few more definitions. 

A variable x, or its negation %, is a literal , and a disjunction or conjunction of 
literals is a disjunctive or conjunctive clause. Because the operations of disjunction 
and conjunction are associative, parentheses may be dispensed with within clauses. 
There is no ambiguity, for example, in the following formula, a conjunction of three 
disjunctive clauses, each consisting of three literals. 


f = (a1 V FV a3) A (xq V FV x4) A (XV FV F) 


Any conjunction of disjunctive clauses such as this one is referred to as a for- 
mula in conjunctive normal form. It can be shown that every boolean formula is 
equivalent, via a polynomial reduction, to one in conjunctive normal form (Exer- 
cise 8.3.1). Furthermore, as we explain below in the proof of Theorem 8.10, every 
boolean formula in conjunctive normal form is equivalent, again via a polynomial 
reduction, to one in conjunctive normal form with exactly three literals per clause. 
The decision problem for such boolean formulae is known as 3-SAT. 


Problem 8.9 BOOLEAN 3-SATISFIABILITY (3-SAT) 

GIVEN: a boolean formula f in conjunctive normal form with three literals per 
clause, 

DECIDE: Is f satisfiable? 


Theorem 8.10 The problem 3-SaT is NP-complete. 


Proof By the Cook—Levin Theorem (8.8), it suffices to prove that SAT ~ 3-SAT. 
Let f be a boolean formula in conjunctive normal form. We show how to construct, 
in polynomial time, a boolean formula f’ in conjunctive normal form such that: 


i) each clause in f’ has three literals, 
ii) f is satisfiable if and only if f’ is satisfiable. 


Such a formula f’ may be obtained by the addition of new variables and clauses, 
as follows. 
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Suppose that some clause of f has just two literals, for instance the clause 
(a1 V x2). In this case, we simply replace this clause by two clauses with three 
literals, (a1 V v2 V x) and (% V 21 V x2), where « is a new variable. Clearly, 


(a1 V @q) = (41 V 2 V 2) A (EV 21 V X2) 


Clauses with single literals may be dealt with in a similar manner (Exercise 8.3.2). 

Now suppose that some clause (x1 V 72 V--: V ay) of f has k literals, where 
k > 4. In this case, we add k — 3 new variables y1,y2,...,y,%—3 and form the 
following k — 2 clauses, each with three literals. 


(m1VreVy1), (GiVe3VY2), GoVraVys), -** (GeeaVCR-2VYk—-3), (Gr_3VTR-1V Lk) 


One may verify that (71 Va2V---V ax) is equivalent to the conjunction of these 
k, — 2 clauses. We leave the details as an exercise (8.3.3). 


Theorem 8.10 may be used to establish the \’P-completeness of decision prob- 
lems in graph theory such as DIRECTED HAMILTON CYCLE by means of polynomial 
reductions. 

As we have observed, in order to show that a decision problem Q in NP is 
NP-complete, it suffices to find a polynomial reduction to Q of a known NP- 
complete problem P. This is generally easier said than done. What is needed is to 
first decide on an appropriate \VP-complete problem P and then come up with 
a suitable polynomial reduction. In the case of graphs, the latter step is often 
achieved by means of a construction whereby certain special subgraphs, referred 
to as ‘gadgets’, are inserted into the instance of P so as to obtain an instance of Q 
with the required properties. An illustration of this technique is described in the 
inset overleaf, where we show how 3-SAT may be reduced to DIRECTED HAMILTON 
CYCLE via an intermediate problem, EXACT COVER. 

Almost all of the decision problems that we come across in this book are known 
to belong either to the class P or to the class NPC. One notable exception is the 
isomorphism problem: 


Problem 8.11 GRAPH ISOMORPHISM 
GIVEN: two graphs G and H, 
DECIDE: Are G and H isomorphic? 


The complexity status of this problem remains a mystery. Whilst the prob- 
lem clearly belongs to NP, whether it belongs to P, to co-NP, or to NPC is 
not known. Polynomial-time isomorphism-testing algorithms have been found for 
certain classes of graphs, including planar graphs (Hopcroft and Wong (1974)) 
and graphs of bounded degree (Luks (1982)), but these algorithms are not valid 
for all graphs. GRAPH ISOMORPHISM might, conceivably, be a counterexample to 
Conjecture 8.3. 
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PROOF TECHNIQUE: POLYNOMIAL REDUCTION 


We establish the NP-completeness of DIRECTED HAMILTON CYCLE by reduc- 
ing 3-SAT to it via an intermediate problem, EXACT COVER, which we now 
describe. 


Let A be a family of subsets of a finite set X. An exact cover of X by A 
is a partition of X, each member of which belongs to A. For instance, if 


X := {£1,22,03} and A := {{x1}, {v1, 22}, {v2,r3}}, then {{z1}, {x2, r3}} 
is an exact cover of X by A. This notion gives rise to the following decision 
problem. 


Problem 8.12 EXACT COVER 
GIVEN: a set X and a family A of subsets of X, 
DECIDE: Is there an exact cover of X by A? 


We first describe a polynomial reduction of 3-SAT to EXACT COVER, and then 
a polynomial reduction of EXACT COVER to DIRECTED HAMILTON CYCLE. 
The chain of reductions: 


SAT x 3 — SAT X EXACT COVER = DIRECTED HAMILTON CYCLE 


will then imply that DIRECTED HAMILTON CYCLE is V’P-complete, by virtue 
of the Cook—Levin Theorem (8.8). 


Theorem 8.13 3-SAT =< EXACT COVER. 


Proof Let f be an instance of 3-SAT, with clauses f;,..., f, and variables 
X1,.-.,L%m. The first step is to construct a graph G from f, by setting: 

V(G) := {aj:1<i<msU{m:1<i<m}U{f):1<7 <n} 

E(G) := {ai@:1<i<m}U{af;: a € fy }UL{as, - a € fit 
where the notation x; € f; (@% € f;) signifies that x; (%) is a literal of the 
clause f;. The next step is to obtain an instance (X,A) of EXxAcT COVER 
from this graph G. We do so by setting: 

X= {fp:1<j <n} UE(G) 
A {O(a;) :1 <i < m}U {O(Gq):1<i<m} 
U{{ fi} UF: Fy C Of;), 1 <5 <n} 


It can be verified that the formula f is satisfiable if and only if the set X has 
an exact cover by the family A (Exercise 8.3.4). 
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POLYNOMIAL REDUCTION (CONTINUED) 


For instance, if f := (a1 V %V x3) A (x2 V FV v4) A (XV FV Faq), the graph 
G obtained by this construction is: 


fi fo is 


ry Ty r2 XQ r3 x3 r4 E4 
In this example, the given formula is satisfied by the truth assignment x; = 1, 
t2 = 1, 73 = 0, x4 = 0, and this truth assignment corresponds to the exact 
cover: 


fi fo fs 


=) ——— o——t 


(x1) (x2) (3) (Xa) 


To round off the proof that DIRECTED HAMILTON CYCLE is an \VP-complete 
problem, we describe a polynomial reduction of EXACT COVER to DIRECTED 
HAMILTON CYCLE. 


Theorem 8.14 EXACT COVER x DIRECTED HAMILTON CYCLE. 


Proof Let (X,A) be an instance of EXACT SET COVER, where X := {2; : 
1<i< mb} and A:= {A;:1 <j <n}. We construct a directed graph G 
from (X,A) as follows. Let P be a directed path whose arcs are labelled by 
the elements of X, Q a directed path whose arcs are labelled by the elements 
of A and, for 1 < j < n, R; a directed path whose vertices are labelled by 
the elements of A;. The paths P, Q, and Rj, 1 < j <n, are assumed to be 
pairwise disjoint. We add an arc from the initial vertex of P to the initial 
vertex of Q, and from the terminal vertex of Q to the terminal vertex of P. 
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POLYNOMIAL REDUCTION (CONTINUED) 


For 1 < j <n, we also add an arc from the initial vertex of the arc A; of Q 
to the initial vertex of R;, and from the terminal vertex of R; to the terminal 
vertex of A,: 


P ae ~O POO =O =O a 


Ay Aj An 


For 1 < 7 <n, we now transform the directed path R; into a digraph D; by 
replacing each vertex x; of R; by a ‘path’ P;; of length two whose edges are 
pairs of oppositely oriented arcs. Moreover, for every such ‘path’ P;;, we add 
an arc from the initial vertex of P;; to the initial vertex of the arc x; of P, 
and one from the terminal vertex of x; to the terminal vertex of P,;: 


We denote the resulting digraph by D. This construction, with X := 
{x1,%2,v3} and A := {{x1}, {1,72}, {v2,r3}}, is illustrated in the follow- 


ing figure. 


_ =O 
A, = {x} Ag = {1, £2} Az = {2,23} 


LY v2 x3 


nom 
P33 


Pre P29 Po3 
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POLYNOMIAL REDUCTION (CONTINUED) 


Observe, now, that the digraph D has a directed Hamilton cycle C' if and only 
if the set X has an exact cover by the family of subsets A. If C does not use 
the arc Aj, it is obliged to traverse D, from its initial to its terminal vertex. 
Conversely, if C uses the arc Aj, it is obliged to include each one of the paths 
Pj; of D; in its route from the terminal vertex of P to the initial vertex of 
P. Moreover, C’ traces exactly one of the paths P;; (x; € Aj) in travelling 
from the head of the arc x; to its tail. The arcs A; of Q which are included in 
C therefore form a partition of X. Conversely, to every partition of X there 
corresponds a directed Hamilton cycle of D. 


Finally, the numbers of vertices and arcs of D are given by: 


v(D) = |X|+|A| + 3 Doja1 |Aj| +2 
a(D) = |X| + 2|A| +7) 75-4 |Aj] +2 


Because both of these parameters are bounded above by linear functions of 
the size of the instance (X,.A), the above reduction is indeed polynomial. 


- 


Corollary 8.15 The problem DIRECTED HAMILTON CYCLE is NP-complet 


NP-HARD PROBLEMS 


We now turn to the computational complexity of optimization problems such as 
the Travelling Salesman Problem (TSP) (Problem 2.6). This problem contains 
HAMILTON CYCLE as a special case. To see this, associate with a given graph G 
the weighted complete graph on V(G) in which the weight attached to an edge 
uv is zero if wv € E(G), and one otherwise. The resulting weighted complete 
graph has a Hamilton cycle of weight zero if and only if G has a Hamilton cycle. 
Thus, any algorithm for solving TSP will also solve HAMILTON CYCLE, and we 
may conclude that the former problem is at least as hard as the latter. Because 
HAMILTON CYCLE is N’P-complete (see Exercise 8.3.5), TSP is at least as hard 
as any problem in VP. Such problems are called NP-hard . 
Another basic NP-hard problem is: 


Problem 8.16 MAXIMUM CLIQUE (MAX CLIQUE) 
GIVEN: a graph G, 
FIND: a mazimum clique in G. 


In order to solve this problem, one needs to know, for a given value of k, whether 
G has a k-clique. The largest such k is called the clique number of G, denoted w(G). 
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If k is a fixed integer not depending on n, the existence of a k-clique can be decided 
in polynomial time, simply by means of an exhaustive search, because the number 
of k-subsets of V is bounded above by n*. However, if k depends on n, this is no 
longer true. Indeed, the problem of deciding whether a graph G has a k-clique, 
where k depends on n, is NP-complete (Exercise 8.3.9). 

The complementary notion of a clique is a stable set, a set of vertices no two of 
which are adjacent. A stable set in a graph is maximum if the graph contains no 
larger stable set. The cardinality of a maximum stable set in a graph G is called the 
stability number of G, denoted a(G). Clearly, a subset S of V is a stable set in G 
if and only if S is a clique in G, the complement of G. Consequently, the following 
problem is polynomially equivalent to MAX CLIQUE, and thus is W’P-hard also. 


Problem 8.17 MAXIMUM STABLE SET (MAX STABLE SET) 
GIVEN: a graph G, 
FIND: a mazimum stable set in G. 


Exercises 


«8.3.1 Let f:= fir foA---A fe and g := giAg2/A---Age be two boolean formulae 
in conjunctive normal form (where f;, 1 <i<k, and g;,1 <j < 2, are disjunctive 
clauses). 


a) Show that: 
i) f Ag is in conjunctive normal form, 
ii) f Vg is equivalent to a boolean formula in conjunctive normal form, 
iii) =f is in disjunctive normal form, and is equivalent to a boolean formula 
in conjunctive normal form. 
b) Deduce that every boolean formula is equivalent to a boolean formula in con- 
junctive normal form. 


*8.3.2 Show that every clause consisting of just one literal is equivalent to a 
boolean formula in conjunctive normal form with exactly three literals per clause. 


*8.3.3 Let (x1 V 22 V---V xg) be a disjunctive clause with k literals, where k > 4, 
and let yi, Y2,---;Yk—2 be boolean variables. Show that: 


(a1 V tg V+ V &K) = (1 V 42 Vy) A (Fy V &3 :V 2) A (Yo V 4 V yg) Aves 
A Qp—a V Ck—-2 V Yr—3) \ (Ge—g V Pe-1 V Te) 
*8.3.4 Let f := fi A fo A ++: A fn be an instance of 3-SAT, with variables 


X1,22,..-,%m. Form a graph G from f, and an instance (X,A) of EXACT COVER 
from G, as described in the proof of Theorem 8.13. 


a) Show that the formula f is satisfiable if and only if the set X has an exact 
cover by the family A. 
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b) Show also that the pair (X,.A) can be constructed from f in polynomial time 
(in the parameters m and n). 

c) Deduce that EXACT CovER € NPC. 

d) Explain why constructing a graph in the same way, but from an instance of 
SAT rather than 3-SAT, does not provide a polynomial reduction of SAT to 
EXACT COVER. 


*8.3.5 


a) Describe a polynomial reduction of DIRECTED HAMILTON CYCLE to HAMIL- 
TON CYCLE. 
b) Deduce that HAMILTON CYCLE € NPC. 


8.3.6 Let HAMILTON PATH denote the problem of deciding whether a given graph 
has a Hamilton path. 


a) Describe a polynomial reduction of HAMILTON CYCLE to HAMILTON PATH. 
b) Deduce that HAMILTON PaTH € NPC. 


8.3.7 Two problems P and Q are polynomially equivalent, written P = Q,if Px Q 
and Q x P. 


a) Show that: 
HAMILTON PATH = HAMILTON CYCLE = DIRECTED HAMILTON CYCLE 


b) Let Max PaTH denote the problem of finding the length of a longest path in 
a given graph. Show that MAX PATH = HAMILTON PATH. 


8.3.8 


a) Let k be a fixed positive integer. Describe a polynomial-time algorithm for 
deciding whether a given graph has a path of length k. 

b) The length of a longest path in a graph G can be determined by checking, for 
each k, 1 < k <n, whether G has a path of length k. Does your algorithm for 
the problem in part (a) lead to a polynomial-time algorithm for MAX PATH? 


x8.3.9 


a) Let f = fi A foA-:+-A fx be an instance of 3-SAT (where the f;, 1 <i<k, 
are disjunctive clauses, each containing three literals). Construct a k-partite 
graph G on 7k vertices (seven vertices in each part) such that f is satisfiable 
if and only if G has a k-clique. 

b) Deduce that 3-SAT and MAX CLIQUE are polynomially equivalent. 


ee 


8.3.10 Let k be a positive integer. The following problem is a generalization of 
3-SAT. 
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Problem 8.18 BOOLEAN k-SATISFIABILITY (k-SAT) 

GIVEN: a boolean formula f in conjunctive normal form with k literals per 
clause, 

DECIDE: Is f satisfiable? 


Show that: 


a) 2-SAT € P, 
b) k-Sat € NPC for k > 3. 


8.4 Approximation Algorithms 


For NP-hard optimization problems of practical interest, such as the Travelling 
Salesman Problem, the best that one can reasonably expect of a polynomial-time 
algorithm is that it should always return a feasible solution which is not too far 
from optimality. 

Given a real number t > 1, a t-approximation algorithm for a minimization 
problem is an algorithm that accepts any instance of the problem as input and 
returns a feasible solution whose value is no more than ¢ times the optimal value; 
the smaller the value of t, the better the approximation. Naturally, the running 
time of the algorithm is an equally important factor. We give two examples. 


Problem 8.19 Maximum Cut (MAx CuT) 
GIVEN: a weighted graph (G,w), 
FIND: a mazimum-weight spanning bipartite subgraph F of G. 


This problem admits a polynomial-time 2-approximation algorithm, based on 
the ideas for the unweighted case presented in Chapter 2 (Exercise 2.2.2). We leave 
the details as an exercise (8.4.1). 

A somewhat less simple approximation algorithm was obtained by Rosenkrantz 
et al. (1974), who considered the special case of the Travelling Salesman Problem 
in which the weights satisfy the triangle inequality: 


w(xcy) + w(yz) > w(az), for any three vertices x, y, z. (8.3) 


Problem 8.20 METRIC TRAVELLING SALESMAN PROBLEM (METRIC TSP) 
GIVEN: a weighted complete graph G whose weights satisfy inequality (8.3), 
FIND: a minimum-weight Hamilton cycle C of G. 


Theorem 8.21 METRIC TSP admits a polynomial-time 2-approximation algo- 
rithm. 


Proof Applying the Jarnik—Prim Algorithm (6.9), we first find a minimum- 
weight spanning tree T of G. Suppose that C is a minimum-weight Hamilton 
cycle of G. By deleting any edge of C’, we obtain a Hamilton path P of G. Because 
P is a spanning tree of G and T is a spanning tree of minimum weight, 
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w(T) < w(P) < w(C) 


We now duplicate each edge of T, thereby obtaining a connected even graph 
H with V(A) = V(G) and w(A) = 2w(T). Note that this graph H is not even 
a subgraph of G, let alone a Hamilton cycle. The idea is to transform H into a 
Hamilton cycle of G, and to do so without increasing its weight. More precisely, we 
construct a sequence Ho, H,,...,H,—2 of connected even graphs, each with vertex 
set V(G), such that Hp = H, H,—2 is a Hamilton cycle of G, and w(Hi+1) < w(Ai), 
0 <i<n-—383. We do so by reducing the number of edges, one at a time, as follows. 

Let C; be an Euler tour of H;, where i < n—2. The graph H; has 2(n—2)—i > n 
edges, and thus has a vertex v of degree at least four. Let re;vegy be a segment of 
the tour C;; it will follow by induction that « 4 y. We replace the edges e; and e2 
of C; by a new edge e of weight w(ay) linking a and y, thereby bypassing v and 
modifying C; to an Euler tour Cj41 of Hi+1 := (H; \ {e1, e2}) +e. By the triangle 
inequality (8.3), 


w(Aj+1) = w(A;) — w(e1) — w(e2) + w(e) < w( Ai) 


The final graph H,,_2, being a connected even graph on n vertices and n edges, is 
a Hamilton cycle of G. Furthermore, 


w(Ay,_2) < w(Ho) = 2w(T) < 2w(C) 


The relevance of minimum-weight spanning trees to the Travelling Salesman 
Problem was first observed by Kruskal (1956). A 3-approximation algorithm for 
Metric TSP was found by Christofides (1976). This algorithm makes use of a 
polynomial-time algorithm for weighted matchings (discussed in Chapter 16; see 
Exercise 16.4.24). For other approaches to the Travelling Salesman Problem, see 
Jiinger et al. (1995). 

The situation with respect to the general Travelling Salesman Problem, in 
which the weights are not subject to the triangle inequality, is dramatically differ- 
ent: for any integer t > 2, there cannot exist a polynomial-time t-approximation 
algorithm for solving TSP unless P = NP (Exercise 8.4.4). The book by Vazirani 
(2001) treats the topic of approximation algorithms in general. For the state of 
the art regarding computational aspects of TSP, we refer the reader to Applegate 
et al. (2007). 


Exercises 


*8.4.1 Describe a polynomial-time 2-approximation algorithm for MAx CurT 
(Problem 8.19). 


8.4.2 EUCLIDEAN TSP 
The Euclidean Travelling Salesman Problem is the special case of METRIC TSP in 
which the vertices of the graph are points in the plane, the edges are straight-line 
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segments linking these points, and the weight of an edge is its length. Show that, 
in any such graph, the minimum-weight Hamilton cycles are crossing-free (that is, 
no two of their edges cross). 


8.4.3 Show that Metric TSP is NP-hard. 


x8.4.4 


a) Let G be a simple graph with n > 3, and let t bea positive integer. Consider 
the weighted complete graph (K,w), where kK := GUG, in which w(e) := 1 if 


e € E(G) and w(e) := (t— 1)n +2 if e € E(G). Show that: 
i) (K,w) has a Hamilton cycle of weight n if and only if G has a Hamilton 


cycle, 
ii) any Hamilton cycle of (K,w) of weight greater than n has weight at least 
tn + 1. 
b) Deduce that, unless P = NP, there cannot exist a polynomial-time t- 


approximation algorithm for solving TSP. 


ee 


8.5 Greedy Heuristics 


A heuristic is a computational procedure, generally based on some simple rule, 
which intuition tells one should usually yield a good approximate solution to the 
problem at hand. 

One particularly simple and natural class of heuristics is the class of greedy 
heuristics. Informally, a greedy heuristic is a procedure which selects the best cur- 
rent option at each stage, without regard to future consequences. As can be imag- 
ined, such an approach rarely leads to an optimal solution in each instance. How- 
ever, there are cases in which the greedy approach does indeed work. In such cases, 
we call the procedure a greedy algorithm. The following is a prototypical example 
of such an algorithm. 


THE BORUVKA—~KRUSKAL ALGORITHM 


The Jarnik—Prim algorithm for the Minimum-Weight Spanning Tree Problem, de- 
scribed in Section 6.2, starts with the root and determines a nested sequence of 
trees, terminating with a minimum-weight spanning tree. Another algorithm for 
this problem, due to Bortivka (1926a,b) and, independently, Kruskal (1956), starts 
with the empty spanning subgraph and finds a nested sequence of forests, termi- 
nating with an optimal tree. This sequence is constructed by adding edges, one at 
a time, in such a way that the edge added at each stage is one of minimum weight, 
subject to the condition that the resulting subgraph is still a forest. 
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Algorithm 8.22 THE BORUVKA-KRUSKAL ALGORITHM 
INPUT: a weighted connected graph G = (G,w) 
OUTPUT: an optimal tree T = (V, F) of G, and its weight w(F’) 
1: set F:= 0), w(F) :=0 (F denotes the edge set of the current forest) 


2: while there is an edge e € E \ F such that FU {e} is the edge set of a 
forest do 
choose such an edge e of minimum weight 
replace F by FU {e} and w(F) by w(F) + w(e) 
end while 
return ((V, F), w(F)) 


Because the graph G is assumed to be connected, the forest (V, fF) returned 
by the Bortvka—Kruskal Algorithm is a spanning tree of G. We call it a Boruvka- 
Kruskal tree. The construction of such a tree in the electric grid graph of Section 6.2 
is illustrated in Figure 8.3. As before, the edges are numbered according to the or- 
der in which they are added. Observe that this tree is identical to the one returned 
by the Jarnfk—-Prim Algorithm (even though its edges are selected in a different 
order). This is because all the edge weights in the electric grid graph happen to 
be distinct (see Exercise 6.2.1). 


Fig. 8.3. An optimal tree returned by the Bortvka—Kruskal Algorithm 


In order to implement the Bortuvka—Kruskal Algorithm efficiently, one needs 
to be able to check easily whether a candidate edge links vertices in different 
components of the forest. This can be achieved by colouring vertices in the same 
component by the same colour and vertices in different components by distinct 
colours. It then suffices to check that the ends of the edge have different colours. 
Once the edge has been added to the forest, all the vertices in one of the two 
merged components are recoloured with the colour of the other component. We 
leave the details as an exercise (Exercise 8.5.1). 
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The following theorem shows that the Bortvka-Kruskal Algorithm runs cor- 
rectly. Its proof resembles that of Theorem 6.10, and we leave it to the reader 
(Exercise 8.5.2). 


Theorem 8.23 Every Bortivka—Kruskal tree is an optimal tree. 


The problem of finding a maximum-weight spanning tree of a connected graph 
can be solved by the same approach; at each stage, instead of picking an edge of 
minimum weight subject to the condition that the resulting subgraph remains a 
forest, we pick one of maximum weight subject to the same condition (see Exer- 
cise 8.5.3). The origins of the Borttvka—Kruskal Algorithm are recounted in NeSetril 
et al. (2001) and Kruskal (1997). 


INDEPENDENCE SYSTEMS 


One can define a natural family of greedy heuristics which includes the Boruvka-— 
Kruskal Algorithm in the framework of set systems. 

A set system (V,F) is called an independence system on V if F is nonempty 
and, for any member F of F, all subsets of F also belong to F. The members of 
F are then referred to as independent sets and their maximal elements as bases. 
(The independent sets of a matroid, defined in Section 4.4, form an independence 
system.) 

Many independence systems can be defined on graphs. For example, if G = 
(V,F) is a connected graph, we may define an independence system on V by 
taking as independent sets the cliques of G (including the empty set). Likewise, 
we may define an independence system on F by taking the edge sets of the forests 
of G as independent sets; the bases of this independence system are the edge sets 
of spanning trees. (This latter independence system is the cycle matroid of the 
graph, defined in Section 4.4.) 

Consider, now, an arbitrary independence system (V,F). Suppose that, with 
each element x of V, there is an associated nonnegative weight w(x), and that we 
wish to find an independent set of maximum weight, where the weight of a set 
is defined to be the sum of the weights of its elements. A naive approach to this 
problem would be to proceed as follows. 


Heuristic 8.24 GREEDY HEURISTIC (FOR INDEPENDENCE SYSTEMS) 


INPUT: an independence system (V,F) with weight function w:V — Rt 
OUTPUT: a maximal independent set F of (V,F), and its weight w(F) 


set F:= 0, w(F) :=0 

while there is an element « € V \ F' such that FU {x} is independent do 
choose such an element x of minimum weight w(a) 
replace F by FU {x} and w(F) by w(F) + w(2) 

end while 

return (F,w(X)) 
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As we have seen, the GREEDY HEURISTIC always returns an optimal solution 
when the independence system consists of the edge sets of the forests of a graph, 
no matter what the edge weights. (More generally, as Rado (1957) observed, the 
GREEDY HEURISTIC performs optimally whenever F is the family of independent 
sets of a matroid, regardless of the weight function w.) By contrast, when the inde- 
pendent sets are the cliques of a graph, the GREEDY HEURISTIC rarely returns an 
optimal solution, even if all the weights are 1, because most graphs have maximal 
cliques which are not maximum cliques. (If the GREEDY HEURISTIC unfailingly 
returns a maximum weight independent set, no matter what the weight function 
of the independence system, then the system must, it turns out, be a matroid (see, 
for example, Oxley (1992)).) 

We remark that greedy heuristics are by no means limited to the framework 
of independence systems. For example, if one is looking for a longest x-path in a 
graph, an obvious greedy heuristic is to start with the trivial z-path consisting 
of just the vertex x and iteratively extend the current x-path by any available 
edge. This amounts to applying depth-first search from x, stopping when one is 
forced to backtrack. The path so found will certainly be a maximal x-path, but not 
necessarily a longest x-path. Even so, this simple-minded greedy heuristic proves 
to be effective when combined with other ideas, as we show in Chapter 18. 


Exercises 


*8.5.1 Refine the Boruvka—Kruskal Algorithm in such a way that, at each stage, 
vertices in the same component of the forest F' are assigned the same colour and 
vertices in different components are assigned distinct colours. 


*8.5.2 Prove Theorem 8.23. 


*8.5.3 Show that the problem of finding a maximum-weight spanning tree of a 
connected graph can be solved by choosing, at each stage, an edge of maximum 
weight subject to the condition that the resulting subgraph is still a forest. 


8.5.4 Give an example of a weighted independence system, all of whose bases have 
the same number of elements, but for which the GREEDY HEURISTIC (8.24) fails 
to return an optimal solution. 


8.5.5 Consider the following set of real vectors. 
V := {(1,0,0,1), (1,1, 1,1), (1, 0,1, 2), (0, 1,0, 1), (0,2, —1,1), (1,-1,0,0)} 


Find a linearly independent subset of V whose total number of zeros is maxi- 
mum by applying the GREEDY HEURISTIC (8.24). 


v 
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8.6 Linear and Integer Programming 


A linear program (LP) is a problem of maximizing or minimizing a linear function 
of real variables that are subject to linear equality or inequality constraints. By 
means of simple substitutions, such as replacing an equation by two inequalities, 
any LP may be transformed into one of the following form. 


maximize cx subject to Ax <b and x>0 (8.4) 
where A = (a;;) is an m X n matrix, c = (C1,C2,...,€,) a 1 x n row vector, and 
b = (by, b2,...,bm) an m x 1 column vector. The m inequalities pee aigty < bi, 


1 <i<™m, and the n nonnegativity conditions 7; > 0, 1 <j < n, are known 
as the constraints of the problem. The function cx to be maximized is called the 
objective function. 

A column vector x = (#1,%2,...,%) in R” is a feasible solution to (8.4) if 
it satisfies all m+ n constraints, and a feasible solution at which the objective 
function cx attains its maximum is an optimal solution. This maximum is the 
optimal value of the LP. 

Associated with every LP, there is another LP, called its dual. The dual of the 
LP (8.4) is the LP: 


minimize yb subject to yA >c and y>0 (8.5) 


With reference to this dual LP, the original LP (8.4) is called the primal LP. 

Not every LP has a feasible solution. Moreover, even if it does have one, it need 
not have an optimal solution: the objective function might be unbounded over the 
set of feasible solutions, and thus not achieve a maximum (or minimum). Such an 
LP is said to be unbounded. 

The following proposition implies that if both the primal and the dual have 
feasible solutions, neither is unbounded. 


Proposition 8.25 WEAK DUALITY THEOREM 
Let x be a feasible solution to (8.4) andy a feasible solution to its dual (8.5). Then 


cx < yb (8.6) 


Proof Because c < yA and x > 0, we have cx < yAx. Likewise yAx < yb. 
Inequality (8.6) follows. 


Corollary 8.26 Let x be a feasible solution to (8.4) and y a feasible solution to 
its dual (8.5). Suppose that cx = yb. Then x is an optimal solution to (8.4) and 
y is an optimal solution to (8.5). 


The significance of this corollary is that if equality holds in (8.6), the primal 
solution x serves as a succinct certificate for the optimality of the dual solution 
y, and vice versa. A remarkable and fundamental theorem due to von Neumann 
(1928) guarantees that one can always certify optimality in this manner. 


198 8 Complexity of Algorithms 


Theorem 8.27 DUALITY THEOREM 
If an LP has an optimal solution, then its dual also has an optimal solution, and 
the optimal values of these two LPs are equal. 


A wide variety of graph-theoretical problems may be formulated as LPs, albeit 
with additional integrality constraints, requiring that the variables take on only 
integer values. In some cases, these additional constraints may be ignored without 
affecting the essential nature of the problem, because the LP under consideration 
can be shown to always have optimal solutions that are integral. In such cases, 
the duals generally have natural interpretations in terms of graphs, and interesting 
results may be obtained by applying the Duality Theorem. Such results are referred 
to as min-max theorems. As a simple example, let us consider the problem of 
finding a maximum stable set in a graph. 

It clearly suffices to consider graphs without isolated vertices. Let G be such 
a graph. With any stable set S of G, we may associate its (0, 1)-valued incidence 
vector x := (tv): v € V), where x, := 1 if v € S, and x, := 0 otherwise. Because 
no stable set can include more than one of the two ends of any edge, every such 
vector x satisfies the constraint x, +2) <1, for each uv € E. Thus, the problem 
MAX STABLE SET is equivalent to the following LP (where M is the incidence 
matrix of G). 


maximize 1x subject to M‘'x <1 and x>0 (8.7) 


together with the requirement that x be integral. The dual of (8.7) is the following 
LP, in which there is a variable y. for each edge e of G. 


minimize yl subject to yM’>1 and y>0 (8.8) 


Consider an integer-valued feasible solution y to this dual LP. The support of y 
is a set of edges of G that together meet every vertex of G. Such a set of edges is 
called an edge covering of G. The number of edges in a minimum edge covering of 
a graph G without isolated vertices is denoted by (’(G). 

Conversely, the incidence vector of any edge covering of G is a feasible solution 
to (8.8). Thus the optimal value of (8.8) is a lower bound on (/(G). Likewise, the 
optimal value of (8.7) is an upper bound on a(G). By the Weak Duality Theorem, 
it follows that, for any graph G without isolated vertices, a(G) < 6’(G). In general, 
these two quantities are not equal (consider, for example, K3). They are, however, 
always equal for bipartite graphs (see inset). 

A linear program in which the variables are constrained to take on only integer 
values is called an integer linear program (ILP). Any ILP may be transformed to 
one of the following form. 


maximize cx subject to Ax <b, x>0, and xEZ (8.9) 


As already mentioned, MAX STABLE SET can be formulated as an ILP. Because 
MAX STABLE SET is NP-hard, so is ILP. On the other hand, there do exist 
polynomial-time algorithms for solving linear programs, so LP is in P. 
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PROOF TECHNIQUE: TOTAL UNIMODULARITY 


Recall that a matrix A is totally unimodular if the determinant of each of its 
square submatrices is equal to 0, +1, or —1. The following theorem provides 
a sufficient condition for an LP to have an integer-valued optimal solution. 


Theorem 8.28 Suppose that A is a totally unimodular matrix and that b 
is an integer vector. If (8.4) has an optimal solution, then it has an integer 
optimal solution. 


Proof The set of points in R” at which any single constraint holds with 
equality is a hyperplane in R”. Thus each constraint is satisfied by the points 
of a closed half-space of R”, and the set of feasible solutions is the intersection 
of all these half-spaces, a convex polyhedron P. 


Because the objective function is linear, its level sets are hyperplanes. Thus, if 
the maximum value of cx over P is z*, the hyperplane cx = z* is a supporting 
hyperplane of P. Hence cx = z* contains an extreme point (a corner) of P. It 
follows that the objective function attains its maximum at one of the extreme 
points of P. 


Every extreme point of P is at the intersection of n or more hyperplanes 
determined by the constraints. It is thus a solution to a subsystem of Ax = b. 
Using the hypotheses of the theorem and applying Cramér’s rule, we now 
conclude that each extreme point of P is an integer vector, and hence that 
(8.4) has an integer optimal solution. 


Because the incidence matrix of a bipartite graph is totally unimodular (Ex- 
ercise 4.2.4), as a consequence of the above theorem, we have: 


Theorem 8.29 Let G be a bipartite graph with incidence matriz M. Then 
the LPs 


maximize 1x subject to Mtx <1 and x>0 (8.10) 
minimize yl subject to yM'>1 and y>0 (8.11) 


both have (0,1)-valued optimal solutions. 


This theorem, in conjunction with the Duality Theorem, now implies the 
following min-max equality, due independently to D. Konig and R. Rado (see 
Schrijver (2003)). 


Theorem 8.30 THE KONIG-RADO THEOREM 
In any bipartite graph without isolated vertices, the number of vertices in a 
maximum stable set is equal to the number of edges in a minimum edge cov- 


ering. 
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TOTAL UNIMODULARITY (CONTINUED) 


The Konig—Rado Theorem (8.30) implies that the problem of deciding whether 
a bipartite graph has a stable set of cardinality k is in co-WP; when the answer 
is ‘no’, an edge cover of size less than k provides a succinct certificate of this 
fact. In fact, as shown in Chapter 16, there is a polynomial algorithm for 
finding a maximum stable set in any bipartite graph. 


A second application of this proof technique is given below, and another is 
presented in Section 19.3. 


One approach to the problem of determining the value of a graph-theoretic 
parameter such as a is to express the problem as an ILP of the form (8.9) and then 
solve its LP relaxation, that is, the LP (8.4) obtained by dropping the integrality 
constraint x € Z. If the optimal solution found happens to be integral, as in 
Theorem 8.29, it will also be an optimal solution to the ILP, and thus determine 
the exact value of the parameter. In any event, the value returned by the LP will 
be an upper bound on the value of the parameter. This upper bound is referred 
to as the fractional version of the parameter. For example, the LP (8.10) returns 
the fractional stability number, denoted a*. 

The fractional stability number of a graph may be computed in polynomial 
time. However, in general, a can be very much smaller than a*. For example, 
a(K,) = 1, whereas a*(K,) = n/2 for n > 2. Taking into cognisance the fact 
that no stable set of a graph can include more than one vertex of any clique of 
the graph, one may obtain a LP associated with MAX STABLE SET with tighter 
constraints than (8.7) (see Exercise 8.6.3). 


MATCHINGS AND COVERINGS IN BIPARTITE GRAPHS 


We now describe a second application of total unimodularity, to matchings in 
bipartite graphs. A matching in a graph is a set of pairwise nonadjacent links. 
With any matching M of a graph G,, we may associate its (0, 1)-valued incidence 
vector. Since no matching has more than one edge incident with any vertex, every 
such vector x satisfies the constraint S“{x. : e € O(v)} < 1, for all v € V. Thus 
the problem of finding a largest matching in a graph is equivalent to the following 
ILP. 

maximize 1x subject to Mx<1 and x>0 (8.12) 


(where M is the incidence matrix of G), together with the requirement that x be 
integral. The dual of (8.12) is the following LP. 


minimize yl subject to yM>1 and y>0 (8.13) 


Because the incidence matrix of a bipartite graph is totally unimodular (Exer- 
cise 4.2.4), as a consequence of the above theorem, we now have: 
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Theorem 8.31 When G is bipartite, (8.12) and (8.13) have (0,1)-valued optimal 
solutions. 


If x is a (0,1)-valued feasible solution to (8.12), then no two edges of the set 
M := {e € E: x = 1} have an end in common; that is, M is a matching of G. 
Analogously, if y is a (0,1)-valued feasible solution to (8.13), then each edge of 
G has at least one end in the set K := {uv € V : yy = 1}; such a set is called a 
covering of G. These two observations, together with the Duality Theorem, now 
imply the following fundamental min—max theorem, due independently to Konig 
(1931) and Egervary (1931). 


Theorem 8.32 THE KONIG-EGERVARY THEOREM 
In any bipartite graph, the number of edges in a maximum matching is equal to 
the number of vertices in a minimum covering. 


Just as the Kénig-Rado Theorem (8.30) shows that the problem of deciding 
whether a bipartite graph G[X,Y] has a stable set of k vertices is in co-NVP, 
the Konig—Egervary Theorem shows that the problem of deciding whether such a 
graph has a matching of k edges is in co-NP. When the answer is ‘no’, a covering 
of cardinality less than k provides a succinct certificate of this fact. The Konig— 
Egervary Theorem can also be derived from the arc version of Menger’s Theorem 
(7.16) (see Exercise 8.6.7). The maximum number of edges in a matching of a 
graph G is called the matching number of G and denoted a’(G). 

If G is nonbipartite, (8.12) may have optimal solutions that are not integral. 
For example, when G is a triangle, it can be seen that (1/2,1/2,1/2) is an optimal 
solution. However, Edmonds (1965b) showed that one may introduce additional 
constraints that are satisfied by all the incidence vectors of matchings in a graph so 
that the resulting linear program has integer optimal solutions (see Exercise 8.6.8). 
This was the basis for his solution to the optimal matching problem. Matchings 
are discussed in detail in Chapter 16. 

Using the fact that the incidence matrix of a directed graph is totally unimod- 
ular (Exercise 1.5.7a), Menger’s Theorem (7.16) may be derived from the Duality 
Theorem. Further examples of min-max theorems are presented in Chapters 16 
and 19. For additional information on these and other applications of linear pro- 
gramming, see Chvatal (1983), Lovadsz and Plummer (1986), and Schrijver (2003). 


Exercises 


8.6.1 COMPLEMENTARY SLACKNESS 
Let x and y be feasible solutions to the LP (8.4) and its dual (8.5), respectively. 
Show that these solutions are optimal if and only if: 


yer Aijgli < b; => y¥=0, L<i<m, and 


tee SG HS a SH, 1l<j<n 
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(The above conditions are known as the complementary slackness conditions for 
optimality. They play an important role in the solution of optimization problems 
involving weighted graphs.) 


*8.6.2 CLIQUE COVERING 
A clique covering of a graph is a set of cliques whose union is the entire vertex set 
of the graph. 


a) Show that the stability number of a graph is bounded above by the minimum 
number of cliques in a clique covering. 
b) Give an example of a graph in which these two quantities are unequal. 


8.6.3 Let K denote the set of all cliques of a graph G and let K denote the incidence 
matrix of the hypergraph (V,). Consider the LP: 


maximize 1x subject to K'x <1 and x>0 (8.14) 


and its dual: 
minimize y1 subject to yK'>1 and y>0 (8.15) 


Show that: 


a) an integer-valued vector x in RY is a feasible solution to (8.14) if and only if 
it is the incidence vector of a stable set of G, 

b) a (0, 1)-valued vector y in RX is a feasible solution to (8.15) if and only if it is 
the incidence vector of a clique covering. 


8.6.4 Show that the set of feasible solutions to (8.14) is a subset of the set of 
feasible solutions to (8.7), with equality when G is triangle-free. 


8.6.5 Let a**(G) denote the optimal value of (8.14). 


a) Show that, for any graph G, a < a** < a*. 
b) Give examples of graphs for which these inequalities are strict. 


8.6.6 Let G be a simple graph with n > 3, and let x := (a : e € E) € R®. 
Consider the following system of linear inequalities. 


S- G22 CCX ECV 
S- te =2 forall ve V 


te <1 forall ee H 
te >0 forall e€# 


a) Show that the integer-valued feasible solutions to this system are precisely the 
incidence vectors of the Hamilton cycles of G. 
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b) Let c € R® be a weight function on G. Deduce from (a) that an optimal 
solution to the TSP for this weighted graph is provided by an optimal solution 
to the ILP that consists of maximizing the objective function cx subject to 
the above constraints, together with the integrality constraint x € Z. 
(Grotschel et al. (1988) have given a polynomial-time algorithm for solving the 
LP relaxation of this ILP.) 


*8.6.7 


a) Transform the problem of finding a maximum matching in a bipartite graph 
G[X, Y] into the problem of finding a maximum collection of arc-disjoint di- 
rected (x, y)-paths in a related digraph D(z, y). 

b) Deduce the K6nig—Egervary Theorem from Menger’s Theorem (7.16). 


8.6.8 Show that every integer feasible solution x to the LP (8.12) satisfies the 
inequality 


YD ee <5 (K-12) 
e€E(X) 
for any odd subset X of V of cardinality three or more. 
(Edmonds (1965b) showed that, by adding these inequalities to the set of con- 
straints in (8.12), one obtains an LP every optimal solution of which is (0, 1)- 
valued. ) 


*8.6.9 FARKAS’ LEMMA 
The following two LPs are duals of each other. 


maximize Ox _ subject to Ax=0O and x>b 


minimize —zb subject to yA—z=O0O and z>0 
Farkas’ Lemma (see Section 20.1) says that exactly one of the two linear systems: 
Ax=0, x>b and yA*>0, yAb>0 

has a solution. Deduce Farkas’ Lemma from the Duality Theorem (8.27). 
*8.6.10 The following two LPs are duals of each other. 

minimize yO subject to yA >b 

maximize bx subject to Ax =O and x>0 
A variant of Farkas’ Lemma says that exactly one of the two linear systems: 

yA>b and Ax=0, x>0, bx>0 


has a solution. Deduce this variant of Farkas’ Lemma from the Duality Theorem 
(8.27). 


8.6.11 Prove the inequality a(G) < 6’(G) directly, without appealing to the Weak 
Duality Theorem (8.25). 
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8.7 Related Reading 


ISOMORPHISM-COMPLETENESS 


As mentioned earlier, the complexity status of GRAPH ISOMORPHISM is unknown. 
There is strong theoretical evidence to support the belief that the problem is not 
NP-complete (see, for example, Babai (1995)), and its rather unique status has led 
to the notion of isomorphism-completeness: a problem is said to be isomorphism- 
complete if it is polynomially equivalent to GRAPH ISOMORPHISM. The Legitimate 
Deck Problem, mentioned in Section 2.8, is one such problem (see Harary et al. 
(1982) and Mansfield (1982)). The problem of finding the orbits of a graph is 
‘isomorphism-hard’. For these and other examples, we refer the reader to Babai 
(1995). 
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9.1 Vertex Connectivity 


In Section 3.1, we discussed the concept of connection in graphs. Consider, now, 
the four connected graphs in Figure 9.1. 
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Fig. 9.1. Four connected graphs 


Gj is a tree, a minimal connected graph; deleting any edge disconnects it. G2 
cannot be disconnected by the deletion of a single edge, but can be disconnected 
by the deletion of one vertex, its cut vertex. There are no cut edges or cut vertices 
in G3, but even so G3 is clearly not as well connected as G4, the complete graph 
on five vertices. Thus, intuitively, each successive graph is better connected than 
the previous one. We now introduce two parameters of a graph, its connectivity 
and edge connectivity, which measure the extent to which it is connected. We first 
define these parameters in terms of numbers of disjoint paths connecting pairs 
of vertices, and then relate those definitions to sizes of vertex and edge cuts, as 
suggested by the above examples. 


CONNECTIVITY AND LOCAL CONNECTIVITY 


We begin by discussing the notion of vertex connectivity, commonly referred to 
simply as connectivity. Recall that xy-paths P and Q in G are internally disjoint 
if they have no internal vertices in common, that is, if V(P) NV(Q) = {2, y}. 
The local connectivity between distinct vertices x and y is the maximum number 
of pairwise internally disjoint xy-paths, denoted p(a,y); the local connectivity is 
undefined when x = y. The matrix in Figure 9.2b displays the local connectivities 
between all pairs of vertices of the graph shown in Figure 9.2a. (The function 
shown in Figure 9.2c will be defined shortly.) 

A nontrivial graph G is k-connected if p(u,v) > k for any two distinct vertices 
u and v. By convention, a trivial graph is 0-connected and 1-connected, but is not 
k-connected for any k > 1. The connectivity «(G) of G is the maximum value of k 
for which G is k-connected. Thus, for a nontrivial graph G, 


K(G) := min{p(u,v): u,v eV, uf v} (9.1) 


A graph is 1-connected if and only if it is connected; equivalently, a graph 
has connectivity zero if and only if it is disconnected. Nonseparable graphs on at 
least three vertices are 2-connected; conversely, every 2-connected loopless graph 
is nonseparable. For the four graphs shown in Figure 9.1, «(G,) = 1, «(G2) = 1, 
k(G3) = 3, and «(G4) = 4. Thus, of these four graphs, the only graph that is 
4-connected is G4. Graphs G3 and Gy are 2-connected and 3-connected, whereas 
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Fig. 9.2. (a) A graph, (b) its local connectivity function, and (c) its local cut function 


G, and G2 are not. And, because all four graphs are connected, they are all 1- 
connected. The graph in Figure 9.2a is 1-connected and 2-connected, but is not 
3-connected. Thus, the connectivity of this graph is two. 


VERTEX CUTS AND MENGER’S THEOREM 


We now rephrase the definition of connectivity in terms of ‘vertex cuts’. This is 
not totally straightforward because complete graphs (and, more generally, graphs 
in which any two vertices are adjacent) have no such cuts. For this reason, we first 
determine the connectivities of these graphs. 

Distinct vertices x and y of K,, are connected by one path of length one and 
n —2 internally disjoint paths of length two. It follows that p(a,y) = n—1 and 
that «(K,,) = n—1 for n > 2. More generally, if the underlying simple graph of 
a graph G is complete, and x and y are joined by p(a,y) links, there are pu(a, y) 
paths of length one, and n — 2 internally disjoint paths of length two connecting x 
and y; thus p(a,y) = n—2+4 (x,y). Hence the connectivity of a nontrivial graph 
G in which any two vertices are adjacent is n — 2+ yu, where pw is the minimum 
edge multiplicity in the graph. On the other hand, if « and y are nonadjacent, 
there are at most n — 2 internally disjoint paths connecting « and y. Thus, if the 
underlying simple graph of a graph G is not complete, its connectivity « cannot 
exceed n — 2. For such a graph, the connectivity is equal to the minimum number 
of vertices whose deletion results in a disconnected graph, as we now explain. 

Let x and y be distinct nonadjacent vertices of G. An xy-vertex-cut is a subset 
S of V \ {a,y} such that x and y belong to different components of G— S. We 
also say that such a subset S separates x and y. The minimum size of a vertex cut 
separating x and y is denoted by c(x,y). This function, the local cut function of 
G, is not defined if either « = y or x and y are adjacent. The matrix displayed 
in Figure 9.2c gives the values of the local cut function of the graph shown in 
Figure 9.2a. 

A vertex cut separating some pair of nonadjacent vertices of G is a vertex cut 
of G, and one with k& elements is a k-vertex cut. A complete graph has no vertex 
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cuts; moreover, the only graphs which do not have vertex cuts are those whose 
underlying simple graphs are complete. We now show that, if G has at least one 
pair of nonadjacent vertices, the size of a minimum vertex cut of G is equal to the 
connectivity of G. The main ingredient required is a version of Menger’s Theorem 
which relates the two functions p and c. 

Finding the maximum number of internally disjoint xy-paths in a graph 
G := G(az,y) amounts to finding the maximum number of internally disjoint di- 
rected (x, y)-paths in the associated digraph D(x, y) := D(G). In turn, as noted 
in Section 8.3, the latter problem may be reduced to one of finding the maximum 
number of arc-disjoint directed (x, y)-paths in a related digraph D’(x, y) (of order 
2n—2), and this number can be determined by the Max-Flow Min-Cut Algorithm 
(7.9). Thus the Max-Flow Min-Cut Algorithm may be adapted to find, in polyno- 
mial time, the maximum number of internally disjoint xy-paths in G. The same 
algorithm will also return an xy-vertex-cut whose cardinality is equal to the maxi- 
mum number of internally disjoint xy-paths, implying the validity of the following 
fundamental theorem of Menger (1927). We include here a simple inductive proof 
of this theorem due to Goring (2000), as an alternative to the above-mentioned 
constructive proof. 

For this purpose, we need the operation of shrinking a set of vertices in a graph. 
Let G be a graph and let X be a proper subset of V. To shrink X is to delete 
all edges between vertices of X and then identify the vertices of X into a single 
vertex. We denote the resulting graph by G/X. 


Theorem 9.1 MENGER’S THEOREM (UNDIRECTED VERTEX VERSION) 

In any graph G(a,y), where x and y are nonadjacent, the maximum number of 
pairwise internally disjoint xy-paths is equal to the minimum number of vertices 
in an xy-vertex-cut, that is, 


P(x, y) = c(x, y) 


Proof By induction on e(G). For convenience, let us set k := cg(a,y). Note 
that pe(x,y) < k, because any family P of internally disjoint xy-paths meets 
any xy-vertex-cut in at least |P| distinct vertices. Thus it suffices to show that 
pa(x,y) > k. We may assume that there is an edge e = wv incident neither with «x 
nor with y; otherwise, every ry-path is of length two, and the conclusion follows 
easily. 

Set H := G\ e. Because H is a subgraph of G, pa(#,y) > py(a,y). Also, by 
induction, py(#,y) = ca#(a,y). Furthermore, ce¢(#,y) < cu(x,y) + 1 because any 
xy-vertex-cut in H, together with either end of e, is an wy-vertex-cut in G. We 
therefore have: 


po(2,y) = pu(2,y) = cu(z,y) = ca(z,y)-l=k-1 


We may assume that equality holds throughout; if not, pg(z,y) > k and there 
is nothing more to prove. Thus, in particular, cy(z,y) = k—1. Let S := 
{v1,...,Uzp-1} be a minimum xy-vertex-cut in H, let X be the set of vertices 
reachable from x in H — S, and let Y be the set of vertices reachable from y in 
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Fig. 9.3. Proof of Menger’s Theorem (9.1) 


H — S. Because |S| = k —1, the set S' is not an xy-vertex-cut of G, so there is an 
xy-path in G—S. This path necessarily includes the edge e. We may thus assume, 
without loss of generality, that ue X andvecY. 

Now consider the graph G / Y obtained from G by shrinking Y to a single vertex 
y. Every xy-vertex-cut T in G/Y is necessarily an wy-vertex-cut in G, because if 
P were an xy-path in G avoiding T, the subgraph P/Y of G/Y would contain 
an xy-path in G/Y avoiding T, too. Therefore cg;y(x,y) > k. On the other 
hand, cg;y(x,y) < k because SU {u} is an xy-vertex-cut of G/Y. It follows that 
SU {u} is a minimum «y-vertex-cut of G/Y. By induction, there are k internally 
disjoint xy-paths P,,...,P, in G/Y, and each vertex of S U {u} lies on one of 
them. Without loss of generality, we may assume that v; € V(P;), 1<i<k-1, 
and u € V(P,). Likewise, there are & internally disjoint xy-paths Qi,...,Qx in 
the graph G/X obtained by shrinking X to x with v; © V(Q;), 1 <i<k-—-1, 
and v € Qx. It follows that there are k internally disjoint xy-paths in G, namely 
ePuiQiy, 1<i<k—1, and eP,uvQ zy (see Figure 9.3, where the vertices not in 
X USUY are omitted, as they play no role in the proof.). 


As a consequence of Theorem 9.1 we have: 


min{p(u,v): uveV, uzAv,uv ¢g LE} =min{c(u,v): uve V, u#v,uv ¢ FE} 
(9.2) 
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Suppose that G is a graph that has at least one pair of nonadjacent vertices. 
In this case, the right-hand side of equation (9.2) is the size of a minimum vertex 
cut of G. But we cannot immediately conclude from (9.2) that the connectivity 
of G is equal to the size of a minimum vertex cut of G because, according to 
our definition, « is the minimum value of p(u,v) taken over all pairs of distinct 
vertices u,v (whether adjacent or not). However, the following theorem, due to 
Whitney (1932a), shows that the minimum local connectivity taken over all pairs 
of distinct vertices, is indeed the same as the minimum taken over all pairs of 
distinct nonadjacent vertices. 


Theorem 9.2 If G has at least one pair of nonadjacent vertices, 
K(G) = min{p(u,v): uv eV, uzv,w ¢ EF} (9.3) 


Proof If G has an edge e which is either a loop or one of a set of parallel edges, 
we can establish the theorem by deleting e and applying induction. So we may 
assume that G is simple. 

By (9.1), «(G) = min{p(u,v): u,v € V, uF v}. Let this minimum be attained 
for the pair x, y, so that «(G) = p(a, y). Ifa and y are nonadjacent, there is nothing 
to prove. So suppose that x and y are adjacent. 

Consider the graph H := G \ xy, obtained by deleting the edge xy from G. 
Clearly, pe(2,y) = pa(x,y) + 1. Furthermore, by Menger’s Theorem, py(x,y) = 
cH(x,y). Let X be a minimum vertex cut in H separating x and y, so that 
pH(@,y) = cH(x,y) = |X|, and pe(a,y) =|X|+1.1fV\ X = {a,y}, then 


K(G) =pe(z,y) =|X|+1l=@=—2)+l=n=1 


But this implies that G is complete, which is contrary to the hypothesis. So we 
may assume that V \ X has at least three vertices, x,y,z. We may also assume, 
interchanging the roles of x and y if necessary, that « and z belong to different 
components of H — X. Then x and z are nonadjacent in G and X U{y} is a vertex 
cut of G separating x and z. Therefore, 


c(z, 2) < |X U {y}l = p(z,y) 


On the other hand, by Menger’s Theorem, p(x,z) = c(x,z). Hence p(a,z) < 
p(a,y). By the choice of {x,y}, we have p(x, z) = p(z,y) = «(G). Because x and 
z are nonadjacent, 


K(G) = p(a, z) = min{p(u,v): u,v EV, uA v, uv € EL} 


It follows from Theorems 9.1 and 9.2 that the connectivity of a graph G which 
has at least one pair of nonadjacent vertices is equal to the size of a minimum 
vertex cut of G. In symbols, 


K(G) = min{c(u,v): u,v eV, uzv,uw ¢ E} (9.4) 
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The vertex cuts of a graph are the same as those of its underlying simple graph, 
thus (9.4) implies that the connectivity of a graph which has at least one pair of 
nonadjacent vertices is the same as the connectivity of its underlying simple graph. 

As noted in Section 8.2, for every nonadjacent pair x,y of vertices of G, the 
value of c(a,y) may be computed by running the Max-Flow Min-Cut Algorithm 
(7.9) on an auxiliary digraph of order 2n — 2 with unit capacities. It follows that 
the connectivity of any graph may be computed in polynomial time. 


Exercises 


9.1.1 Consider the vertices x = (0,0,...,0) and y = (1,1,...,1) of the n-cube Qn. 
Describe a maximum collection of edge-disjoint xy-paths in Q, and a minimum 
vertex cut of Q,, separating x and y. 


9.1.2 Let G and H be simple graphs. Show that «(G V H) = min{v(G) + 
K(H), v1) + K(G)}. 


9.1.3 


a) Show that if G is simple and 6 > n — 2, then & = 0. 
b) For each n > 4, find a simple graph G with 6 = n—3 and k < 6. 


9.1.4 Show that if G is simple, with n > k+1 and 6 > (n+ k — 2)/2, then G is 
k-connected. 


9.1.5 An edge e of a 2-connected graph G is called contractible if G/e is 2- 
connected also. (The analogous concept, for nonseparable graphs, was defined in 
Exercise 5.3.2.) Show that every 2-connected graph on three or more vertices has 
a contractible edge. 


9.1.6 An edge of a graph G is deletable (with respect to connectivity) if «(G\e) = 
&(G). Show that each edge of a 2-connected graph on at least four vertices is either 
deletable or contractible. 


9.1.7 A k-connected graph G is minimally k-connected if the graph G \ e is not 
k-connected for any edge e (that is, if no edge is deletable). 


a) Let G be a minimally 2-connected graph. Show that: 
id =2, 
ii) ifn > 4, then m < 2n—4. 
b) For all n > 4, find a minimally 2-connected graph with n vertices and 2n — 4 
edges. 


9.1.8 Let G be a connected graph which is not complete. Show that G is k- 
connected if and only if any two vertices at distance two are connected by k 
internally disjoint paths. 
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9.1.9 Consider the following statement, which resembles Menger’s Theorem. Let 
G(x,y) be a graph of diameter d, where x and y are nonadjacent vertices. Then 
the maximum number of internally disjoint xy-paths of length d or less is equal to 
the minimum number of vertices whose deletion destroys all xy-paths of length d 
or less. 


a) Prove this statement for d= 2. 
b) Verify that the graph shown in Figure 9.4 is a counterexample to the statement 
in general. (J.A. BONDY AND P. HELL) 


L \Z | 
7 
/ x 


Fig. 9.4. A counterexample to Menger’s Theorem for short paths (Exercise 9.1.9) 


9.1.10 


a) Show that if G is a k-connected graph and e is any edge of G, then G'/e is 
(k — 1)-connected. 

b) For each k > 4, find a k-connected graph G # Ky41 such that K(G/e) =k-1, 
for every edge e of G. 


9.1.11 


a) Let D := D(X,Y) be a directed graph, where X and Y are disjoint subsets of 
V. Obtain an undirected graph G from D as follows. 
> For each vertex v of D, replace v by two adjacent vertices, v~ and v*. 
> For each arc (u,v) of D, join ut and v~ by an edge. 
> Delete the set of vertices {a~ : 2 € X}U{yt: ye Y}. 
Observe that G is a bipartite graph with bipartition 


({v- :vEV(D)}\{2: 2 € X}, {ut : ve V(D)} \ {yt :y €Y}) 


Show that: 
i) a! (G) = |V(D)| —|X UY|+ pp(X,Y), where pp(X, Y) denotes the maxi- 
mum number of disjoint directed (X,Y )-paths in D, 
ii) B(G) = |V(D)|—|XUY |+cp(X, Y), where cp(X, Y) denotes the minimum 
number of vertices whose deletion destroys all directed (X,Y )-paths in D. 
(A. SCHRIJVER) 
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b) Derive Menger’s Theorem (9.8) from the Kénig—Egervary Theorem (8.32). 


9.1.12 Let «Py be a path in a graph G. Two vines on P (defined in Exercise 5.3.12) 
are disjoint if: 


> their constituent paths are internally disjoint, 
> «a is the only common initial vertex of two paths in these vines, 
> yis the only common terminal vertex of two paths in these vines. 


If G is k-connected, where k > 2, show that there are k — 1 pairwise disjoint vines 
on P. (S.C. LOCKE) 


9.1.13 Let P be a path in a 3-connected cubic graph G. 


a) Consider two disjoint vines on P. Denote by F’ the union of P and the con- 
stituent paths of these two vines. Show that F' admits a double cover by three 


cycles. 
b) Deduce that if P is of length 1, then G has a cycle of length greater than 21/3. 
(Compare Exercise 5.3.12.) (J.A. BONDY AND S.C. LOCKE) 


9.1.14 Let G be a 3-connected graph, and let e and f be two edges of G. Show 
that: 


a) the subspace generated by the cycles through e and f has dimension dim (C)—1, 
(C. THOMASSEN) 

b) G has an odd cycle through e and f unless G \ {e, f} is bipartite. 
(W.D. McCuaic AND M. ROSENFELD) 


9.2 The Fan Lemma 


One can deduce many properties of a graph merely from a knowledge of its con- 
nectivity. In this context, Menger’s Theorem, or a derivative of it, invariably plays 
a principal role. We describe here a very useful consequence of Menger’s Theorem 
known as the Fan Lemma, and apply it to deduce a theorem of Dirac (1952b) 
about cycles in k-connected graphs. 

The following lemma establishes a simple but important property of k-connected 
graphs. 


Lemma 9.3 Let G be a k-connected graph and let H be a graph obtained from G 
by adding a new vertex y and joining it to at least k vertices of G. Then H is also 
k-connected. 


Proof The conclusion clearly holds if any two vertices of H are adjacent, because 
o(H) >k+1. Let S be a subset of V(H) with |S] = k—1. To complete the proof, 
it suffices to show that H — S is connected. 

Suppose first that y € S. Then H — S = G— (S \ {y}). By hypothesis, G is 
k-connected and |S \ {y}| = k — 2. We deduce that H — S' is connected. 
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Now suppose that y ¢ S. Since, by hypothesis, y has at least k neighbours 
in V(G) and |S| = k — 1, there is a neighbour z of y which does not belong to 
S. Because G is k-connected, G — S is connected. Furthermore, z is a vertex of 
G—S, and hence yz is an edge of H — S. It follows that (G—S') + yz is a spanning 
connected subgraph of H — S. Hence H — S' is connected. 


The following useful property of k-connected graphs can be deduced from 
Lemma 9.3. 


Proposition 9.4 Let G be a k-connected graph, and let X and Y be subsets of 
V of cardinality at least k. Then there exists in G a family of k pairwise disjoint 
(X, Y)-paths. 


Proof Obtain a new graph H from G by adding vertices x and y and join- 
ing x to each vertex of X and y to each vertex of Y. By Lemma 9.3, H is k- 
connected. Therefore, by Menger’s Theorem, there exist k internally disjoint ry- 
paths in H. Deleting x and y from each of these paths, we obtain k disjoint paths 
Q1,Q2,.--,Qx in G, each of which has its initial vertex in X and its terminal 
vertex in Y. Every path Q; necessarily contains a segment P; with initial vertex in 
X, terminal vertex in Y, and no internal vertex in X UY, that is, an (X,Y)-path. 
The paths P,, P2,..., Py, are pairwise disjoint (X,Y )-paths. 


A family of k internally disjoint (x, Y)-paths whose terminal vertices are dis- 
tinct is referred to as a k-fan from x to Y. The following assertion is another 
very useful consequence of Menger’s Theorem. Its proof is similar to the proof of 
Proposition 9.4 (Exercise 9.2.1). 


Proposition 9.5 THE FAN LEMMA 
Let G be a k-connected graph, let x be a vertex of G, and let Y C V \ {a} be a set 
of at least k vertices of G. Then there exists a k-fan in G from ax to Y. 


We now give the promised application of the Fan Lemma. By Theorem 5.1, ina 
2-connected graph any two vertices are connected by two internally disjoint paths; 
equivalently, any two vertices in a 2-connected graph lie on a common cycle. Dirac 
(1952b) generalized this latter statement to k-connected graphs. 


Theorem 9.6 Let S be a set of k vertices in a k-connected graph G, where k > 2. 
Then there is a cycle in G which includes all the vertices of S. 


Proof By induction on k. We have already observed that the assertion holds 
for k = 2, so assume that k > 3. Let « € S, and set T := S$ \ a. Because G 
is k-connected, it is (k — 1)-connected. Therefore, by the induction hypothesis, 
there is a cycle C in G which includes T. Set Y := V(C). If « € Y, then C 
includes all the vertices of S. Thus we may assume that x ¢ Y. If |Y| > k, the 
Fan Lemma (Proposition 9.5) ensures the existence of a k-fan in G from x to Y. 
Because |T| = k — 1, the set T divides C into k — 1 edge-disjoint segments. By 
the Pigeonhole Principle, some two paths of the fan, P and Q, end in the same 
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Fig. 9.5. Proof of Theorem 9.6 


segment. The subgraph CU PU Q contains three cycles, one of which includes 
S = TU {x} (see Figure 9.5). If |Y| = & — 1, the Fan Lemma yields a (k — 1)-fan 
from x to Y in which each vertex of Y is the terminus of one path, and we conclude 
as before. 


It should be pointed out that the order in which the vertices of S occur on the 
cycle whose existence is established in Theorem 9.6 cannot be specified in advance. 
For example, the 4-connected graph shown in Figure 9.6 has no cycle including the 
four vertices 71, 41,22, y2 in this exact order, because every x y;-path intersects 
every X2y2-path. 


Fig. 9.6. No cycle includes x1, yi, 72, y2 in this order 


Exercises 
*9.2.1 Give a proof of the Fan Lemma (Proposition 9.5). 
9.2.2 Show that a 3-connected nonbipartite graph contains at least four odd cycles. 


*9.2.3 Let C be a cycle of length at least three in a nonseparable graph G, and let 
S be a set of three vertices of C. Suppose that some component H of G — V(C) 
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is adjacent to all three vertices of S. Show that there is a 3-fan in G from some 
vertex v of H to S. 


9.2.4 Find a 5-connected graph G and a set {21,y1,%2,y2} of four vertices in 
G, such that no cycle of G contains all four vertices in the given order. (In a 6- 
connected graph, it can be shown that there is a cycle containing any four vertices 
in any prescribed order.) 


ee 


9.2.5 Let G be a graph, x a vertex of G, and Y and Z subsets of V \ {x}, where 
|Y| < |Z]. Suppose that there are fans from x to Y and from x to Z. Show that 
there is a fan from x to Y U {z} for some z € Z\ Y. (H. PERFECT) 


9.3 Edge Connectivity 


We now turn to the notion of edge connectivity. The local edge connectivity between 
distinct vertices x and y is the maximum number of pairwise edge-disjoint ry- 
paths, denoted p'(x,y); the local edge connectivity is undefined when x = y. A 
nontrivial graph G' is k-edge-connected if p'(u,v) > k for any two distinct vertices 
u and v of G. By convention, a trivial graph is both 0-edge-connected and 1-edge- 
connected, but is not k-edge-connected for any k > 1. The edge connectivity «'/(G) 
of a graph G is the maximum value of k for which G is k-edge-connected. 

A graph is 1-edge-connected if and only if it is connected; equivalently, the 
edge connectivity of a graph is zero if and only if it is disconnected. For the four 
graphs shown in Figure 9.1, «’(G1) = 1, K’(G2) = 2, w’(G3) = 3, and «/(G4) = 4. 
Thus, of these four graphs, the only graph that is 4-edge-connected is G4. Graphs 
G3 and Gy are 3-edge-connected, but G; and G2 are not. Graphs G2, G3, and G4 
are 2-edge-connected, but G is not. And, because all four graphs are connected, 
they are all 1-edge-connected. 

For distinct vertices x and y of a graph G, recall that an edge cut 0(X) separates 
x and y ifa € X and y€ V \ X. We denote by c(a,y) the minimum cardinality 
of such an edge cut. With this notation, we may now restate the edge version of 
Menger’s Theorem (7.17). 


Theorem 9.7 MENGER’S THEOREM (EDGE VERSION) 
For any graph G(x, y), 
p'(x,y) =e'(x,y) 


This theorem was proved in Chapter 7 using flows. It may also be deduced 
from Theorem 9.1 by considering a suitable line graph (see Exercise 9.3.11). 

A k-edge cut is an edge cut 0(X), where @ C X C V and |0(X)| = k, that 
is, an edge cut of k elements which separates some pair of vertices. Because every 
nontrivial graph has such edge cuts, it follows from Theorem 9.7 that the edge 
connectivity «/(G) of a nontrivial graph G is equal to the least integer k for which 
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G has a k-edge cut. For any particular pair x,y of vertices of G, the value of 
c'(x,y) can be determined by an application of the Max-Flow Min-Cut Algorithm 
(7.9). Therefore the parameter «’ can obviously be determined by (5) applications 
of that algorithm. However, the function c’ takes at most n — 1 distinct values 
(Exercise 9.3.13b). Moreover, Gomory and Hu (1961) have shown that «’ can 
be computed by just n — 1 applications of the Max-Flow Min-Cut Algorithm. A 
description of their approach is given in Section 9.6. 


ESSENTIAL EDGE CONNECTIVITY 


The vertex and edge connectivities of a graph G, and its minimum degree, are 
related by the following basic inequalities (Exercise 9.3.2). 


K<K <6 


Thus, for 3-regular graphs, the connectivity and edge connectivity do not exceed 
three. They are, moreover, always equal for such graphs (Exercise 9.3.5). These 
two measures of connectivity therefore fail to distinguish between the triangular 
prism it; LJ Ky and the complete bipartite graph K3 3, both of which are 3-regular 
graphs with connectivity and edge connectivity equal to three. Nonetheless, one 
has the distinct impression that [3,3 is better connected than K3 UO Ko. Indeed, 
Kz U0 Ko has a 3-edge cut which separates the graph into two nontrivial subgraphs, 
whereas K33 has no such cut. 

Recall that a trivial edge cut is one associated with a single vertex. A k-edge- 
connected graph is termed essentially (k+1)-edge-connected if all of its k-edge cuts 
are trivial. For example, K’3,3 is essentially 4-edge-connected whereas 3 O Ko is 
not. If a k-edge-connected graph has a k-edge cut O(X), the graphs G/X and 
G/X (obtained by shrinking X to a single vertex x and X := V \ X to a single 
vertex Z, respectively) are also k-edge-connected (Exercise 9.3.8). By iterating this 
shrinking procedure, any k-edge-connected graph with k > 1, can be ‘decomposed’ 
into a set of essentially (k + 1)-edge-connected graphs. For many problems, it is 
enough to treat each of these ‘components’ separately. (When & = 0 — that is, 
when the graph is disconnected — this procedure corresponds to considering each 
of its components individually.) 

The notion of essential edge connectivity is particularly useful for 3-regular 
graphs. For instance, to show that a 3-connected 3-regular graph has a cycle double 
cover, it suffices to verify that each of its essentially 4-edge-connected components 
has one; the individual cycle double covers can then be spliced together to yield a 
cycle double cover of the entire graph (Exercise 9.3.9). 


CONNECTIVITY IN DIGRAPHS 


The definitions of connectivity and edge connectivity have straightforward exten- 
sions to digraphs. It suffices to replace ‘path’ by ‘directed path’ throughout. We 
have already seen three versions of Menger’s Theorem, namely the arc version 
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(Theorem 7.16), and the edge and vertex versions for undirected graphs (The- 
orems 7.17 and 9.1). Not surprisingly, there is also a vertex version for directed 
graphs. It can be deduced easily from the reduction of IDDP to ADDP described in 
Section 8.3. An (a, y)-vertex-cut is a subset S of V \ {x, y} whose deletion destroys 
all directed (x, y)-paths. 


Theorem 9.8 MENGER’S THEOREM (DIRECTED VERTEX VERSION) 
In any digraph D(x,y), where (x,y) € A(D), the maximum number of pairwise 
internally disjoint directed (x, y)-paths is equal to the minimum number of vertices 
in an (a, y)-vertex-cut. 


As already noted, of the four versions of Menger’s Theorem, Theorem 7.16 
implies the other three. Also, Theorem 9.8 clearly implies Theorem 9.1. Although 
less obvious, the converse implication holds too (see Exercise 9.1.11). By using 
a suitable line graph, Theorem 9.7 may be derived from Theorem 9.1 (see Exer- 
cise 9.3.11). 


Exercises 


9.3.1 Determine the connectivity and the edge connectivity of the Kneser graph 
KGmn- 
*9.3.2 
a) Show that every graph G satisfies the inequalities K < K’ < 6. 
b) Find a graph G with « = 3, «’ = 4, and 6 =5. 
9.3.3 Let G be a simple graph of diameter two. Show that «’ = 6. (J. PLESNik) 


9.3.4 


a) Show that if G is simple and 6 > (n — 1)/2, then xk’ = 0. 
b) For each even n > 2, find a simple graph G with 6 = (n/2) — 1 and k’ < 6. 


*9.3.5 Show that if G is cubic, then « = x’. 


9.3.6 


a) Show that if G is k-edge-connected, where k > 0, and if S is a set of k edges 
of G, then c(G\ S) < 2. 

b) For k > 0, find a k-connected graph G and a set S of k vertices of G such that 
c(G— S$) >2. 


9.3.7 Show that if G is a k-edge-connected graph on at least three vertices, and e 
is any edge of G, then G/e is k-edge-connected. 


*9.3.8 Show that if O-X) is a k-edge cut of a k-edge-connected graph G, the graphs 
G/X and G/X are also k-edge-connected, where X := V \ X. 
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*9.3.9 Let O(X) be a 3-edge cut of a cubic graph G. Show that G has a cycle 
double cover if and only if both G/ X and G/ X have cycle double covers, where 
Xi=V\X. 


9.3.10 Show that in a nontrivial connected graph, any minimal edge cut separating 
two of its vertices is a bond. 


ee 
9.3.11 Deduce Theorem 9.7 from Theorem 9.1. (F. HarArRy) 


9.3.12 Let S be a set of three pairwise-nonadjacent edges in a simple 3-connected 
graph G. Show that there is a cycle in G containing all three edges of S unless $ 
is an edge cut of G. (L. LovAsz, N. ROBERTSON) 


«9.3.13 
a) Show that, for any three vertices x, y, and z of a graph G: 


e'(a,z) 2 min{e'(x,y),¢'(y, 2)} 


and that at least two of the values c/(x,y), c'(a#, z), and c'(y, z) are equal. 
b) Deduce from (a) that: 
i) the function c’ takes on at most n — 1 distinct values, 
ii) for any sequence (v1, V2,...,Ux%) of vertices of a graph G, 


C(v1, Uk) 2 min{c’ (v1, v2), c'(v2, U3), aes C'(Up—-1, Up) t 


9.3.14 A k-edge-connected graph G is minimally k-edge-connected if, for any edge 
e of G, the graph G \ e is not k-edge-connected. 


a) Let G be a minimally k-edge-connected graph. Prove that: 
i) every edge e of G is contained in a k-edge cut of G, 
ii) G has a vertex of degree k, 
iii) m< k(n—1). 
b) Deduce that every k-edge-connected graph G contains a spanning k-edge- 
connected subgraph with at most k(n — 1) edges. (W. MADER) 


(Halin (1969) and Mader (1971b) found analogues of the above statements for 
vertex connectivity.) 


9.4 Three-Connected Graphs 


As we observed in Chapter 5, in most instances it is possible to draw conclusions 
about a graph by examining each of its blocks individually. For example, a graph 
has a cycle double cover if and only if each of its blocks has a cycle double cover. 
Because blocks on more than two vertices are 2-connected, the question of the 
existence of a cycle double cover can therefore be restricted, or ‘reduced’, to the 
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study of 2-connected graphs. A similar reduction applies to the problem of deciding 
whether a given graph is planar, as we show in Chapter 10. 

In many cases, further reductions can be applied, allowing one to restrict the 
analysis to 3-connected graphs, or even to 3-connected essentially 4-edge-connected 
graphs. The basic idea is to decompose a 2-connected graph which has a 2-vertex 
cut into smaller 2-connected graphs. Loops do not play a significant role in this 
context. For clarity, we therefore assume that all graphs considered in this section 
are loopless. 

Let G be a connected graph which is not complete, let S be a vertex cut of 
G, and let X be the vertex set of a component of G— S$. The subgraph H of 
G induced by SU X is called an S-component of G. In the case where G is 2- 
connected and S' := {x,y} is a 2-vertex cut of G, we find it convenient to modify 
each S-component by adding a new edge between x and y. We refer to this edge as 
a marker edge and the modified S-components as marked S-components. The set 
of marked S-components constitutes the marked S-decomposition of G. The graph 
G can be recovered from its marked S-decomposition by taking the union of its 
marked S-components and deleting the marker edge. This procedure is illustrated 
in Figure 9.7, the cut S and the marker edge being indicated by solid dots and 
lines. 


yo 


x| > 


Sie 


Fig. 9.7. A marked decomposition of a 2-connected graph and its recomposition 
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Theorem 9.9 Let G be a 2-connected graph and let S' be a 2-vertex cut of G. Then 
the marked S-components of G are also 2-connected. 


Proof Let H be a marked S-component of G, with vertex set S UX. Then 
|\V(H)| = |S| + |X| > 3. Thus if H is complete, it is 2-connected. On the other 
hand, if H is not complete, every vertex cut of H is also a vertex cut of G, hence 
of cardinality at least two. 


DECOMPOSITION ‘TREES 


By Theorem 9.9, a 2-connected graph G with a 2-vertex cut S has a marked S- 
decomposition into 2-connected graphs. If any one of these marked S-components 
itself has a 2-vertex cut, it in turn can be decomposed into still smaller marked 
2-connected graphs. This decomposition process may be iterated until G has 
been decomposed into 2-connected graphs without 2-vertex cuts. The marked S- 
components which arise during the entire procedure form the vertices of a decom- 
position tree of G, as illustrated in Figure 9.8. 

The root of this decomposition tree is G, and its leaves are either 3-connected 
graphs or else 2-connected graphs whose underlying graphs are complete (and 
which therefore have at most three vertices). We refer to the 3-connected graphs 
in such a decomposition as the 3-connected components of G. The 3-connected 
components of the root graph in Figure 9.8 are K3 (both with and without multiple 
edges), Ay, and K3.3. 

At any stage, there may be a choice of cuts along which to decompose a graph. 
Consequently, two separate applications of this decomposition procedure may well 
result in different sets of graphs (Exercise 9.4.1). However, it was shown by Cun- 
ningham and Edmonds (1980) that any two applications of the procedure always 
result in the same set of 3-connected components (possibly with different edge 
multiplicities). 

To observe the relevance of the above decomposition to cycle double covers, 
let G be a 2-connected graph with a 2-vertex cut S. If each marked S-component 
of G has a cycle double cover, one can show that G also has a cycle double cover 
(Exercise 9.4.2). Because 2-connected graphs on at most three vertices clearly have 
cycle double covers, we conclude that if the Cycle Double Cover Conjecture is true 
for all 3-connected graphs, it is true for all 2-connected graphs. This fact may be 
expressed more strikingly in terms of potential counterexamples to the conjecture: 
if the Cycle Double Cover Conjecture is false, a smallest counterexample to it (that 
is, one with the minimum possible number of vertices) must be 3-connected. Jaeger 
(1976) and Kilpatrick (1975) proved that every 4-edge-connected graph has a cycle 
double cover (see Theorem 21.24). Thus, if the Cycle Double Cover Conjecture 
happens to be false, a minimum counterexample must have connectivity precisely 
three. 
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Fig. 9.8. A decomposition tree of a 2-connected graph 


CONTRACTIONS OF THREE-CONNECTED GRAPHS 


The relevance of 3-connectivity to the study of planar graphs is discussed in Sec- 
tion 10.5. In this context, the following property of 3-connected graphs, established 
by Thomassen (1981), plays an extremely useful role. 


Theorem 9.10 Let G be a 3-connected graph on at least five vertices. Then G 
contains an edge e such that G/e is 3-connected. 


The proof of Theorem 9.10 requires the following lemma. 


Lemma 9.11 Let G be a 3-connected graph on at least five vertices, and let e = xy 
be an edge of G such that G/e is not 3-connected. Then there exists a vertex z 
such that {x,y,z} is a 3-vertex cut of G. 


Proof Let {z,w} be a 2-vertex cut of G/e. At least one of these two vertices, 
say z, is not the vertex resulting from the contraction of e. Set F := G— z. 
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Because G is 3-connected, F’ is certainly 2-connected. However F' /e = (G—z) /e= 
(G/e)—z has acut vertex, namely w. Hence w must be the vertex resulting from 
the contraction of e (Exercise 9.4.3). Therefore G — {x,y,z} = (G/e) — {z,w} is 
disconnected, in other words, {x,y,z} is a 3-vertex cut of G. 


Proof of Theorem 9.10. Suppose that the theorem is false. Then, for any edge 
e = xy of G, the contraction G /e is not 3-connected. By Lemma 9.11, there exists 
a vertex z such that {x,y,z} is a 3-vertex cut of G (see Figure 9.9). 


Fig. 9.9. Proof of Theorem 9.10 


Choose the edge e and the vertex z in such a way that G — {x,y,z} has a 
component F’ with as many vertices as possible. Consider the graph G— z. Because 
G is 3-connected, G—z is 2-connected. Moreover G'— z has the 2-vertex cut {, y}. 
It follows that the {x, y}-component H := G[V(F) U {x, y}] is 2-connected. 

Let u be a neighbour of z in a component of G — {x,y,z} different from F’. 
Since f := zu is an edge of G, and G is a counterexample to Theorem 9.10, there is 
a vertex uv such that {z, u,v} is a 3-vertex cut of G, too. (The vertex v is not shown 
in Figure 9.9; it might or might not lie in H.) Moreover, because H is 2-connected, 
H —v is connected (where, if v ¢ V(H), we set H —v := H), and thus is contained 
in a component of G — {z,u,v}. But this component has more vertices than F 
(because H has two more vertices than F’), contradicting the choice of the edge e 
and the vertex v. 


Although the proof of Theorem 9.10 proceeds by way of contradiction, the 
underlying idea can be used to devise a polynomial-time algorithm for finding an 
edge e in a 3-connected graph G such that G/e is 3-connected (Exercise 9.4.4). 


EXPANSIONS OF 'THREE-CONNECTED GRAPHS 


We now define an operation on 3-connected graphs which may be thought of as 
an inverse to contraction. Let G be a 3-connected graph and let v be a vertex of 
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G of degree at least four. Split v into two vertices, v; and v2, add a new edge e 
between v; and v2, and distribute the edges of G incident to v among v; and v2 
in such a way that v; and v2 each have at least three neighbours in the resulting 
graph H. This graph H is called an expansion of G at v (see Figure 9.10). 


Fig. 9.10. An expansion of a graph at a vertex 


Note that there is usually some freedom as to how the edges of G incident with 
v are distributed between v; and v2, so expansions are not in general uniquely 
defined. On the other hand, the contraction H /e is clearly isomorphic to G. 

The following theorem may be regarded as a kind of converse of Theorem 9.10. 


Theorem 9.12 Let G be a 3-connected graph, let v be a vertex of G of degree at 
least four, and let H be an expansion of G at v. Then H is 3-connected. 


Proof Because G — v is 2-connected and v; and v2 each have at least two neigh- 
bours in G — v, the graph H \ e is 2-connected, by Lemma 9.3. Using the fact 
that any two vertices of G are connected by three internally disjoint paths, it is 
now easily seen that any two vertices of H are also connected by three internally 
disjoint paths. 


In light of Theorems 9.10 and 9.12, every 3-connected graph G can be obtained 
from K,4 by means of edge additions and vertex expansions. More precisely, given 
any 3-connected graph G, there exists a sequence G,,G2,...,G, of graphs such 
that (i) Gi = Ka, (ii) G, = G, and (iii) for 1 < i < k—1, Gi41 is obtained by 
adding an edge to G; or by expanding G; at a vertex of degree at least four. 

It is not possible to obtain a simple 3-connected graph, different from Ky, by 
means of the above construction if we wish to stay within the realm of simple 
graphs. However, Tutte (1961b) has shown that, by starting with the class of all 
wheels, all simple 3-connected graphs may be constructed by means of the two 
above-mentioned operations without ever creating parallel edges. This result may 
be deduced from Theorem 9.10 (see Exercise 9.4.8). 

Recursive constructions of 3-connected graphs have been used to prove many 
interesting theorems in graph theory; see, for example, Exercise 9.4.10. For further 
examples, see Tutte (1966a). 
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For k > 4, no recursive procedure for generating all k-connected graphs is 
known. This is in striking contrast with the situation for k-edge-connected graphs 
(see Exercise 9.5.5). We refer the reader to Frank (1995) for a survey of recursive 
procedures for generating k-connected and k-edge-connected graphs. 


Exercises 


9.4.1 Find a 2-connected graph and two decomposition trees of your graph which 
result in different collections of leaves. 


9.4.2 Let G be a 2-connected graph with a 2-vertex cut S := {u,v}. Prove that if 
each marked S-component of G has a cycle double cover then so has G. 


*9.4.3 Let G be a 2-connected graph and let e be an edge of G such that G/e is 
not 2-connected. Prove that G/e has exactly one cut vertex, namely the vertex 
resulting from the contraction of the edge e. 


9.4.4 Describe a polynomial-time algorithm to find, in a 3-connected graph G on 
five or more vertices, an edge e such that G/e is 3-connected. 


9.4.5 


a) Let G be a 4-regular 4-connected graph each edge of which lies in a triangle. 
Show that no edge-contraction of G is 4-connected. 

b) For each integer k > 4, find a k-connected graph G on at least k + 2 vertices, 
none of whose edge contractions is k-connected. 


9.4.6 Show how the Petersen graph can be obtained from the wheel Wg by means 
of vertex expansions. 


ee 


9.4.7 Let G be a graph and let e = zy and e’ = 2'y’ be two distinct (but possibly 
adjacent) edges of G. The operation which consists of subdividing e by inserting a 
new vertex vu between x and y, subdividing e’ by inserting a new vertex v’ between 
x’ and y’, and joining v and v’ by a new edge, is referred to as an edge-extension 
of G. Show that: 


a) any edge-extension of a 3-connected cubic graph is also 3-connected and cubic, 

b) every 3-connected cubic graph can be obtained from Ky by means of a sequence 
of edge-extensions, 

c) an edge-extension of an essentially 4-edge-connected cubic graph G is also 
essentially 4-edge-connected provided that the two edges e and e’ of G involved 
in the extension are nonadjacent in G. 


(Wormald (1979) has shown that all essentially 4-edge-connected cubic graphs 
may be obtained from Ky, and the cube by means of edge-extensions involving 
nonadjacent pairs of edges.) 
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9.4.8 Let G be a 3-connected graph with n > 5. Show that, for any edge e, 
either G /e is 3-connected or G \ e can be obtained from a 3-connected graph by 
subdividing at most two edges. (W.T. TUTTE) 


9.4.9 Let G be a simple 3-connected graph different from a wheel. Show that, for 
any edge e, either G/e or G \ ¢ is also a 3-connected simple graph. 
(W.T. TUTTE) 


*9.4.10 


a) Let G be the family of graphs consisting of Ks, the wheels W,,, n > 3, and all 
graphs of the form H V K,, where H is a spanning subgraph of K3 and K,, is 
the complement of K,, n > 3. Show that a 3-connected simple graph G does 
not contain two disjoint cycles if and only if GEG. 

(W.G. Brown; L. LovAsz) 

b) Deduce from (a) that any simple graph not containing two disjoint cycles has 

three vertices whose deletion results in an acyclic graph. 
(The same result holds for directed cycles in digraphs, although the proof, due 
to McCuaig (1993), is very much harder. For undirected graphs, Erdés and 
Pésa (1965) showed that there exists a constant c such that any graph either 
contains / disjoint cycles or has ck log k vertices whose deletion results in an 
acyclic graph. This is discussed in Section 19.1.) 


9.5 Submodularity 


A real-valued function f defined on the set of subsets of a set S is submodular if, 
for any two subsets X and Y of S, 


F(XUY) + f(XOY) < F(X) + FY) 


The degree function d defined on the set of subsets of the vertex set of a graph G 
by d(X) := |O(X)| for all X C V is a typical example of a submodular function 
associated with a graph (see Exercise 2.5.4). Another example is described in 
Exercise 9.5.7. 

Submodular functions play an important role in combinatorial optimization 
(see Fujishige (2005)). Here, we describe three interesting consequences of the 
submodularity of the degree function. One of these is Theorem 9.16, which has 
many applications, including a theorem on orientations of graphs due to Nash- 
Williams (1960). A second use of submodularity is described below, and a third is 
given in Section 9.6. 

It is convenient both here and in the next section to denote the complement 
V\X of aset X by X. 
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Fig. 9.11. Crossing sets X and Y 


EDGE CONNECTIVITY OF VERTEX-TRANSITIVE GRAPHS 


Two subsets X and Y of aset V are said to cross if the subsets XNY, XNY, XNY, 
and X NY (shown in the Venn diagram of Figure 9.11) are all nonempty. When 
V is the vertex set of a graph G, we say that the edge cuts 0(X) and O(Y) cross if 
the sets X and Y cross. In such cases, it is often fruitful to consider the edge cuts 
O(X UY) and O(X NY) and invoke the submodularity of the degree function. Here, 
we apply this idea to show that the edge connectivity of a nontrivial connected 
vertex-transitive graph is always equal to its degree, a result due independently to 
Mader (1971a) and Watkins (1970). Its proof relies on the concept of an atom. 

An atom of a graph G is a minimal subset X of V such that d(X) = «’ and 
|X| < n/2. Thus if «’ = 6, then any vertex of minimum degree is a singleton atom. 
On the other hand, if «’ < 6, then G has no singleton atoms. 


Proposition 9.13 The atoms of a graph are pairwise disjoint. 


Proof Let X and Y be two distinct atoms of a graph G. Suppose that XNY F 0. 
Because X and Y are atoms, neither is properly contained in the other, so X NY 
and X MY are both nonempty. We show that X Y is nonempty, too, and thus 
that X and Y cross. 

Noting that X UY and X NY are complementary sets, and that X NY isa 
nonempty proper subset of the atom X, we have 


d(X UY) =d(X NY) > d(X) =d(Y) 


It follows that X UY 4 Y or, equivalently, X NY 4 0. So X and Y do indeed 
cross. 
Because O(X) and O(Y) are minimum edge cuts, 


d(X UY) >d(X) and d(XNY)>d(Y) 


Therefore 
d(x UY) + d(x nY) > d(x) +d(Y) 
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On the other hand, because d is a submodular function, 
d(X UY)+d(X NY) < d(x)+d(Y) 


These inequalities thus all hold with equality. In particular, d(X NY) = d(Y). But 
this contradicts the minimality of the atom Y. We conclude that X and Y are 
disjoint. 


Theorem 9.14 Let G be a simple connected vertex-transitive graph of positive 
degree d. Then «/ = d. 


Proof Let X be an atom of G, and let u and v be two vertices in X. Because G' is 
vertex-transitive, it has an automorphism 6 such that 0(w) = v. Being the image of 
an atom under an automorphism, the set @(X) is also an atom of G. As v belongs to 
both X and 6(X), it follows from Proposition 9.13 that 6(X) = X, which implies 
that 0|x is an automorphism of the graph G[X], with 0|x(u) = v. This being so 
for any two vertices u,v in X, we deduce that G[X] is vertex-transitive. 

Suppose that G[X] is k-regular. Because G' is simple, |X| > k+1, and because 
G is connected, 0(X) # 0. Therefore d > k +1, and we have: 


Kl = d(X) =|X|(d—k) > (k+1)(d—-k) =d+k(d—-k-1)>d 


Since «’ cannot exceed d, we conclude that «/ = d. 


NASH- WILLIAMS’ ORIENTATION THEOREM 


By Theorem 5.10 every 2-edge-connected graph admits a strongly connected ori- 
entation. Nash-Williams (1960) established the following beautiful generalization 
of this result. (In the remainder of this section, k denotes a positive integer.) 


Theorem 9.15 Every 2k-edge-connected graph has a k-arc-connected orientation. 


Mader (1978) proved an elegant theorem concerning the splitting off of edges 
(an operation introduced in Chapter 5) and deduced Theorem 9.15 from it. We 
present here a special case of Mader’s result which is adequate for proving Theo- 
rem 9.15. The proof is due to Frank (1992). 

Let v be a vertex of a graph G. We say that G is locally 2k-edge-connected 
modulo v if the local edge connectivity between any two vertices different from v 
is at least 2k. Using Menger’s theorem and the fact that d(X) = d(X), it can be 
seen that a graph G on at least three vertices is locally 2k-edge-connected modulo 
v if and only if: 

d(X) > 2k, forall X, 9c X CV \ {vu} 


Theorem 9.16 Let G be a graph which is locally 2k-edge-connected modulo v, 
where v is a vertex of even degree in G. Given any link uv incident with v, there 
exists a second link vw incident with v such that the graph G’ obtained by splitting 
off uv and vw at v is also locally 2k-edge-connected modulo v. 
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Proof We may assume that n > 3 as the statement holds trivially when n = 2. 
We may also assume that G is loopless. Consider all nonempty proper subsets X of 
V \ {vu}. Splitting off wv and another link vw incident with v preserves the degree 
of X if at most one of wu and w belongs to X, and reduces it by two if both u 
and w belong to X. Thus if all such sets either do not contain u or have degree 
at least 2k + 2, any link vw may be chosen as the companion of wv. Suppose that 
this is not the case and that there is a proper subset X of V \ {vu} with u € X and 
d(X) <2k+ 1. Call such a set tight. We show that the union of two tight sets X 
and Y is also tight. We may assume that X and Y cross; otherwise, X UY is equal 
either to X or to Y. Therefore X NY and X NY are nonempty subsets of V \ {v}. 
Note, also, that uv € E[X NY, X NY]. We thus have (using Exercise 2.5.4): 


(2k +1) + (2k+1) > d(X)+d(Y) 
=d(XNY)+d(X NY) +2e(XNY,XNY) > 2k+2k+2 


so 


d(X)adY)=2h+1, d XY) =dXnyY)=2k, and e(XNY,XNY) =1 


One may now deduce that e( XNY,XNY) = e(XNY, XNY) (Exercise 9.5.4). Thus 
d(X NY) is odd. Because the degree of v is even, by hypothesis, X UY 4 V \ {v}. 
Therefore 0 Cc X UY CV \ {vu}. Moreover, by submodularity, 


d(X UY) < d(X) + d(Y) —d(X NY) < (2h+1) + (2k+1) —2k =2k +2 


Since d(X UY) = d(X NY) is odd, we may conclude that d(X UY) < 2k+1. Thus 
the union of any two tight sets is tight, as claimed. Now let S' denote the union of 
all tight sets and let w be an element of V \ S distinct from v. Because w belongs 
to no tight set in G, the graph G’ obtained from G by splitting off wv and vw is 
locally 2k-edge-connected modulo v. 


Proof of Theorem 9.15. By induction on the number of edges. Let G be a 
2k-edge-connected graph. Suppose first that G has an edge e such that G \ e is 
also 2k-edge-connected. Then, by induction, G\e has an orientation such that the 
resulting digraph is k-arc-connected. That orientation of G'\e may be extended to 
a k-arc-connected orientation of G itself by orienting e arbitrarily. Thus, we may 
assume that G is minimally 2k-edge-connected and so has a vertex of degree 2k 
(Exercise 9.3.14). Let uv be such a vertex. 

By Theorem 9.16, the 2k edges incident with v may be divided into k pairs and 
each of these pairs may be split off, one by one, to obtain k new edges e€1, €2,...,€% 
and a 2k-edge-connected graph H. By the induction hypothesis, there is an ori- 
entation H of H which is k-arc-connected. Let @1,42,..-,@x%, respectively, be the 
k arcs of H corresponding to the edges €,€2,...,e, of H. By subdividing, for 
1<i<k, the arc a; by a vertex v;, and then identifying the k vertices v1, v2, ..., Ug 
to form vertex v, we obtain an orientation G of G. Using the fact that H is k- 
arc-connected, one may easily verify that G is also k-arc-connected. We leave the 
details to the reader as Exercise 9.5.5. 
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Nash-Williams (1960) in fact proved a far stronger result than Theorem 9.15. 
He showed that any graph G admits an orientation G such that, for any two 
vertices u and v, the size of a minimum outcut in rel separating v from uw is at least 


c'(u,v)|. We refer the reader to Schrijver (2003) for further details. 


Exercises 


9.5.1 Let X be an atom of a graph G. Show that the induced subgraph G[X] is 
connected. 


9.5.2 Give an example of a connected cubic vertex-transitive graph that is not 
3-edge-connected. 
(This shows that Theorem 9.14 is not valid for graphs with multiple edges.) 


9.5.3 Give an example of a simple connected vertex-transitive k-regular graph 
whose connectivity is strictly less than k. 
(Watkins (1970) showed that the connectivity of any such graph exceeds 2k/3.) 


*9.5.4 In the proof of Theorem 9.16, show that e(XNY,XNY) = e(XNY,XNY). 


+9.5.5 Let G and H be the digraphs described in the proof of Theorem 9.15. 
Deduce that G is k-arc-connected from the fact that Hf is k-arc-connected. 


ee 


9.5.6 Let G be a 2k-edge-connected graph with an Euler trail. Show that G has 
an orientation in which any two vertices u and v are connected by at least k 
arc-disjoint directed (wu, v)-paths. 


9.5.7 Let G be a graph. For a subset S of E, denote by c(S) the number of 
components of the spanning subgraph of G with edge set S. 


a) Show that the function c : 2% — N is supermodular: for any two subsets X 
and Y of £, 
(XUY)+cX NY) > (X)+ c(Y) 


b) Deduce that the function r : 2 — N defined by r(S) := n — c(S) for all 
S C Fis submodular. (This function r is the rank function of a certain matroid 
associated with G.) 


9.5.8 Given any graph G and k distinct edges e1,e€2,...,¢€, (loops or links) of G, 
the operation of pinching together those k edges consists of subdividing, for 1 < 
i<k, the edge e; by a vertex v;, and then identifying the k vertices v1, v2,..., Uk 
to form a new vertex of degree 2k. 


a) Show that if G is 2k-edge-connected, then the graph G’ obtained from G by 
pinching together any k edges of G is also 2k-edge-connected. 
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b) Using Theorem 9.16, show that, given any 2k-edge-connected graph G, there 
exists a sequence (G,,G2,...,G,) of graphs such that (i) Gy = Ky, (ii) G, = 
G, and (iii) for 1 <i < r—1, Gi41 is obtained from G; either by adding an 
edge (a loop or a link) or by pinching together & of its edges. 

(Mader (1978) found an analogous construction for (2k + 1)-edge-connected 
graphs.) 


9.6 Gomory—Hu Trees 


As mentioned earlier, Gomory and Hu (1961) showed that only n— 1 applications 
of the Max-Flow Min-Cut Algorithm (7.9) are needed in order to determine the 
edge connectivity of a graph G. The following theorem, in which two edge cuts 
O(X) and O(Y) that cross are replaced by two, 0(X) and O0(.X NY), that do not 
cross, is the basis of their approach. This procedure is referred to as uncrossing. We 
leave the proof of the theorem, which makes use of submodularity, as an exercise 
(9.6.1). 


Theorem 9.17 Let 0(X) be a minimum edge cut in a graph G separating two 
vertices x andy, where x © X, and let O(Y) be a minimum edge cut in G separating 
two vertices u and v of X, wherey € Y. Then 0(X OY) is a minimum edge cut 
in G separating wu and v. 


A consequence of Theorem 9.17 is that, given a minimum edge cut 0(X) in G 
separating vertices x and y, in order to find a minimum edge cut in G separating 
u and v, where {u,v} CX, it suffices to consider the graph G/X obtained from 
G by shrinking X := V \ X to a single vertex. Using this idea, Gomory and Hu 
showed how to find all the (5) values of the function c’ by just n — 1 applications 
of the Max-Flow Min-Cut Algorithm (7.9). They also showed that the n — 1 cuts 
found by their procedure have certain special properties which may be conveniently 
visualized in terms of an appropriately weighted tree associated with G. We first 
describe the characteristics of this weighted tree and then explain how to construct 
it. 

Given any tree T with vertex set V, and an edge e of T, there is a unique 
edge cut Be := O(X) of G associated with e, where X is the vertex set of one 
component of T \ e. (This is akin to the notion of a fundamental bond, introduced 
in Chapter 4, except that here we do not insist on T'’ being a spanning tree of G.) 
A weighted tree (T,w) on V is a Gomory—Hu tree of G if, for each edge e = xy of 
T 


d 


i) w(e) = (x,y), 

ii) the cut B, associated with e is a minimum edge cut in G separating x and y. 
As an example, consider the graph G on five vertices shown in Figure 9.12a, 

where the weights indicate edge multiplicities. Figure 9.12b is a Gomory—Hu tree 

T of G. The four edge cuts of G corresponding to the four edges of T are indicated 
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Fig. 9.12. (a) A graph G, and (b) a Gomory—Hu tree T of G 


by dashed lines in Figure 9.12a. Note that this particular tree T is not a spanning 
tree of G. 

The n—1 edge cuts associated with a Gomory—Hu tree are pairwise noncrossing. 
As a consequence of the following proposition, these n — 1 cuts are sufficient for 
determining «/(G). 


Proposition 9.18 Let (T,w) be a Gomory-Hu tree of a graph G. For any two 
vertices x and y of G, ¢(a,y) is the minimum of the weights of the edges on the 
unique xy-path in T. 


Proof Clearly, for every edge e on the xy-path in T, the edge cut B, associated 
with e separates x and y. If v1,v9,..., uz is the xy-path in T, where « = v; and 
y = Ux, it follows that 


c (x, y) < min{c'(v1, v2); c (v2, v3); anes »C (Wx-ae)} 
On the other hand, by Exercise 9.3.13b, 


(x,y) > min{e' (v1, v2), (v2, 03),---,C (Up—1Uk) $ 


The required equality now follows. 


DETERMINING EDGE CONNECTIVITY 


We conclude this section with a brief description of the Gomory—Hu Algorithm. 
For this purpose, we consider trees whose vertices are the parts in a partition of 
V; every edge of such a tree determines a unique edge cut of G. A weighted tree 
(T,w) whose vertex set is a partition P of V is a Gomory—Hu tree of G relative 
to P if, for any edge e := XY of T (where X,Y € P), there is an element x of X 
and an element y of Y such that c/(#,y) = w(e) and the edge cut B, associated 
with e is a minimum edge cut in G separating x and y. For example, if O(X) is a 
minimum edge cut in G separating x and y, the tree consisting of two vertices X 
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Fig. 9.13. Growing a Gomory—Hu tree 


and X := V \ X joined by an edge with weight ¢ (x, y) = d(X) is the Gomory—Hu 
tree relative to the partition {X,X} (see Figure 9.13a). 

Suppose that we are given a Gomory—Hu tree (T, w) relative to a certain par- 
tition P. If each part is a singleton, then (Tw) is already a Gomory—Hu tree of 
G. Thus, suppose that there is a vertex X of T (that is, a part X in P) which 
contains two distinct elements u and v. It may be deduced from Theorem 9.17 
that, in order to find a minimum edge cut in G separating wu and v, it suffices to 
consider the graph G’ obtained from G by shrinking, for each component of T—X, 
the union of the vertices (parts) in that component to a single vertex. Let 0(S) 
be a minimum edge cut separating u and v in G’, and suppose that wu € S and 
v € S, where S := V(G’) \ 9. Now let X; := XNS and Xz := XNS and let P’ be 
the partition obtained from P by replacing X by X1 and X92 and leaving all other 
parts as they are. A weighted tree T’ with vertex set P’ may now be obtained 
from T by: 


i) splitting the vertex X into X, and Xo, and joining them by an edge of weight 
c(u,v) = d(S), 

ii) joining a neighbour Y of X in T either to X1 or to X2 in T’ (depending on 
whether the vertex of G’ corresponding to the component of T — X containing 
Y is in S or in S). 


It may be shown that T’ is a Gomory—Hu tree relative to P’ (Exercise 9.6.2). 
Proceeding in this manner, one may refine P into a partition in which each part 
is a singleton and thereby find a Gomory—Hu tree of G. This process is illustrated 
in Figure 9.13. 
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For a detailed description of the Gomory—Hu Algorithm, see Ford and Fulkerson 
(1962). Padberg and Rao (1982) showed how this algorithm may be adapted to 
find minimum odd cuts in graphs (see Exercise 9.6.3). Nagamochi and Ibaraki 
(1992) discovered a simple procedure for determining «’(G) that does not rely on 
the Max-Flow Min-Cut Algorithm (7.9) (see Exercise 9.6.4). 


Exercises 


*9.6.1 Prove Theorem 9.17 by proceeding as follows. 


a) Show that O(X UY) is an edge cut separating x and y, and that 0(X NY) is 
an edge cut separating u and v. 

b) Deduce that d(X UY) > d(X) and d(X NY) > d(Y). 

c) Apply the submodularity inequality. 


v 


9.6.2 Show that the weighted tree T’ obtained from T in the Gomory—Hu Algo- 
rithm is a Gomory-Hu tree of G relative to P’. 


9.6.3 Let G be a graph with at least two vertices of odd degree. 


a) Suppose that 0(X) is an edge cut of smallest size among those separating pairs 
of vertices of odd degree in G. Show that: 
i) if d(X) is odd, it is a smallest odd edge cut of G, 
ii) if d(X) is even, a smallest odd edge cut of G is an edge cut of either G/ X 
or G/X, where X :=V\X. 
b) Using (a), show how to find a smallest odd edge cut of a graph by applying 
the Gomory—Hu Algorithm. (M.W. PADBERG AND M.R. Rao) 


9.6.4 Call an ordering (v1,v2,...,Un) of the vertices of a connected graph G a 
cut-greedy order if, for 2<i<n, 


d(vj, {V1, V2, - Bas yOi-a}) 2 d(v;, {1, V2, fi ae igo) for all j = a 


a) Show that one can find, starting with any vertex of G, a cut-greedy order of 
the vertices of G in time O(m). 
b) If (v1, v2,..., Un) is a cut-greedy order of the vertices of G, show that 


c' (Un—1, Un) = d(vn) 


c) Describe a polynomial-time algorithm for finding «’(G) based on part (b). 
(H. NAGAMOCHI AND T. IBARAKI) 
d) Find the edge connectivity of the graph in Figure 9.12 by applying the above 
algorithm. 


9.6.5 WELL-BALANCED ORIENTATION 

An orientation D of a graph G is well-balanced if its local arc connectivities p/p (u, v) 
satisfy p/p(u,v) > |pe(u,v)/2]| for all ordered pairs (u,v) of vertices. Show that 
every well-balanced orientation of an eulerian graph is eulerian. (Z. SZIGET1) 
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9.7 Chordal Graphs 


A chordal graph is a simple graph in which every cycle of length greater than three 
has a chord. Equivalently, the graph contains no induced cycle of length four or 
more. Thus every induced subgraph of a chordal graph is chordal. An example of 
a chordal graph is shown in Figure 9.14. 
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Fig. 9.14. A chordal graph 


Complete graphs and trees are simple instances of chordal graphs. Moreover, 
as we now show, all chordal graphs have a treelike structure composed of complete 
graphs (just as trees are composed of copies of K2). In consequence, many NP- 
hard problems become polynomial when restricted to chordal graphs. 


CLIQUE CUTS 


A clique cut is a vertex cut which is also a clique. In a chordal graph, every minimal 
vertex cut is a clique cut. 


Theorem 9.19 Let G be a connected chordal graph which is not complete, and let 
S be a minimal vertex cut of G. Then S is a clique cut of G. 


Proof Suppose that S contains two nonadjacent vertices x and y. Let G; and 
G2 be two components of G— S$. Because S is a minimal cut, both x and y are 
joined to vertices in both G; and G2. Let P; be a shortest xy-path all of whose 
internal vertices lie in G;, 2 = 1,2. Then P; U Py» is an induced cycle of length at 
least four, a contradiction. 


From Theorem 9.19, one may deduce that every connected chordal graph can 
be built by pasting together complete graphs in a treelike fashion. 


Theorem 9.20 Let G be a connected chordal graph, and let V, be a maximal clique 
of G. Then the maximal cliques of G can be arranged in a sequence (V;, V2,..., Ve) 
such that Vj (UIZTV;) is a clique of G,2<j<k. 
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Proof There is nothing to prove if G is complete, so we may assume that G has 
a minimal vertex cut S. By Theorem 9.19, S is a clique of G. Let Hj, 1 <i<p, 
be the S-components of G, and let Y; be a maximal clique of H; containing S, 
1 <i <p. Observe that the maximal cliques of H,,H2...,H, are also maximal 
cliques of G, and that every maximal clique of G is a maximal clique of some H; 
(Exercise 9.7.1). Without loss of generality, suppose that Vi is a maximal clique 
of H,. By induction, the maximal cliques of H, can be arranged in a sequence 
starting with V; and having the stated property. Likewise, for 2 < i < p, the 
maximal cliques of H; can be arranged in a suitable sequence starting with Y;. 
The concatenation of these sequences is a sequence of the maximal cliques of G 
satisfying the stated property. 


A sequence (V,, V2,...,V,) of maximal cliques as described in Theorem 9.20 is 
called a simplicial decomposition of the chordal graph G. The graph in Figure 9.14 
has the simplicial decomposition shown in Figure 9.15. Dirac (1961) proved that 
a graph is chordal if and only if it has such a decomposition (see Exercise 9.7.2). 
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Fig. 9.15. A simplicial decomposition of the chordal graph of Figure 9.14 


SIMPLICIAL VERTICES 


A simplicial vertex of a graph is a vertex whose neighbours induce a clique. Dirac 
(1961) showed that every noncomplete chordal graph has at least two such vertices 
(just as every nontrivial tree has at least two vertices of degree one). The graph 
in Figure 9.14, for example, has three simplicial vertices, namely s, v, and y. 


Theorem 9.21 Every chordal graph which is not complete has two nonadjacent 
simplicial vertices. 


Proof Let (Vi, V2,...,V%) be a simplicial decomposition of a chordal graph, and 
let x € Vz \ (US2!V;). Then «x is a simplicial vertex. Now consider a simplicial 
decomposition (Vz(1), Vr(2),--+,Vr(z)), where m is a permutation of {1,2,...,k} 
such that a(1) = k. Let y € Vix) \ (WET Vea): Then y is a simplicial vertex 
nonadjacent to x. 


A simplicial order of a graph G is an enumeration v1, v2,...,Un of its vertices 
such that v; is a simplicial vertex of G[{v;,u;41,---,Un}], 1 < i < n. Because 
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induced subgraphs of chordal graphs are chordal, it follows directly from Theo- 
rem 9.21 that every chordal graph has a simplicial order. Conversely, if a graph 
has a simplicial order, it is necessarily chordal (Exercise 9.7.3). 


Corollary 9.22 A graph is chordal if and only if it has a simplicial order. 


There is a linear-time algorithm due to Rose et al. (1976), and known as lezi- 
cographic breadth-first search, for finding a simplicial order of a graph if one exists. 
A brief description is given in Section 9.8. 


TREE REPRESENTATIONS 


Besides the characterizations of chordal graphs given above in terms of simpli- 
cial decompositions and simplicial orders, chordal graphs may also be viewed as 
intersection graphs of subtrees of a tree. 


Theorem 9.23 A graph is chordal if and only if it is the intersection graph of a 
family of subtrees of a tree. 


Proof Let G be achordal graph. By Theorem 9.20, G has a simplicial decompo- 
sition (Vi, V2,..., Ve). We prove by induction on k that G is the intersection graph 
of a family of subtrees T = {T, : v € V} ofa tree T with vertex set {71,72,...,U%} 
such that x; € Ty, for all v € V;. If k = 1, then G is complete and we set T,, := T for 
allu € V. If k > 2, let G’ = (V’, E’) be the chordal graph with simplicial decom- 
position (Vi, V2,...,Ve—-1). By induction, G’ is the intersection graph of a family 
of subtrees T’ = {T/):v € V’} of a tree T” with vertex set {11,%2,...,€~—1}. Let 
V; be a maximal clique of G’ such that V; VV; 4 0. We form the tree T by adding 
a new vertex x; adjacent to x;. For v € V;, we form the tree T, by adding x; to 
T, and joining it to x;. For v € V’\ Vj, we set T, := T). Finally, for v ¢ Vi \V’, we 
set Ty := vx. It can be checked that G is the intersection graph of {T, : v € V}. 
We leave the proof of the converse statement as an exercise (9.7.4). 


We refer to the pair (T,7) described in the proof of Theorem 9.23 as a tree 
representation of the chordal graph G. 


Exercises 


*9.7.1 Let G be a connected chordal graph which is not complete, and let S' be a 
clique cut of G. Show that the maximal cliques of the S-components of G are also 
maximal cliques of G, and that every maximal clique of G is a maximal clique of 
some S$-component of G. 


*9.7.2 Show that a graph is chordal if it has a simplicial decomposition. 


*9.7.3 Show that a graph is chordal if it has a simplicial order. 
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*9.7.4 


a) Show that the intersection graph of a family of subtrees of a tree is a chordal 
graph. 

b) Represent the chordal graph of Figure 9.14 as the intersection graph of a family 
of subtrees of a tree. 


9.7.5 
a) Let G be a chordal graph and v a simplicial vertex of G. Set X := N(v)U{v} 
and G’ := G — X, and let S’ be a maximum stable set and K’ a minimum 


clique covering of G’. Show that: 
i) S := S”U {v} is a maximum stable set of G, 
ii) K :=K’ U{X} is a minimum clique covering of G, 
iii) [S| = |X]. 
b) Describe a linear-time algorithm which accepts as input a simplicial order of 
a chordal graph G and returns a maximum stable set and a minimum clique 
covering of G. 
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LEXICOGRAPHIC BREADTH-FIRST SEARCH 


By Exercise 9.7.3b, a graph is chordal if and only if it has a simplicial order. 
Breadth-first search, with a special rule for determining the head of the queue, may 
be used to find a simplicial order of an input graph, if one exists. The rule, which 
gives the procedure its name, involves assigning sequences of integers to vertices 
and comparing them lexicographically to break ties. (Sequences of integers from 
the set {1.2,...,n} may be thought of as words of a language whose alphabet 
consists of n letters 1,2,...,n, the first letter being 1, the second letter 2, and 
so on. A sequence S is lexicographically smaller than another sequence S$" if S 
appears before S’ in a dictionary of that language.) If G happens to be chordal, 
the sequence of vertices generated by this tree-search will be the converse of a 
simplicial order. 

We choose an arbitrary vertex of the input graph G as root, and denote the 
vertex incorporated into the tree at time ¢t by 1%, the root being v,. Each vertex v 
of the graph is assigned a sequence S(v) of integers, initially the empty sequence. 
When vertex v; enters the tree, for each v € N(v;z) \ {v1, v2,-..,ve-1}, we modify 
S(v) by appending to it the integer n — t+ 1. The next vertex selected to enter 
the tree is any vertex in the queue whose label is lexicographically largest. 

Rose et al. (1976), who introduced lexicographic breadth-first search (Lex 
BFS), showed that it will find a simplicial order of the input graph if there is 
one. A very readable account of chordal graphs, including a proof of the validity 
of Lex BFS, can be found in Golumbic (2004). In recent years, Lex BFS has been 
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used extensively in algorithms for recognizing various other classes of graphs (see, 
for example, Corneil (2004)). 


'TREE- DECOMPOSITIONS 


Due to their rather simple structure, chordal graphs can be recognized in polyno- 
mial time, as outlined above. Moreover, many VP-hard problems, such as MAx 
STABLE SET, can be solved in polynomial time when restricted to chordal graphs 
(see Exercise 9.7.5). A more general class of graphs for which polynomial-time 
algorithms exist for such NP-hard problems was introduced by Robertson and 
Seymour (1986). 

Recall that by Theorem 9.23 every chordal graph G has a tree representation, 
that is, an ordered pair (TT), where T is a tree and T := {T, : uv € V} isa family 
of subtrees of T such that TT, 4 @ if and only if wv € EF. For an arbitrary 
simple graph G, a tree-decomposition of G is an ordered pair (T,7), where T is a 
tree and JT := {T,: v € V} is a family of subtrees of T such that T, NT, 4 0 if 
(but not necessarily only if) wo € E. Equivalently, (T,7) is a tree-decomposition 
of a simple graph G if and only if G is a spanning subgraph of the chordal graph 
with tree representation (T,T). 

Every simple graph G has the trivial tree-decomposition (T,7), where T is an 
arbitrary tree and T, = T for all v € V (the corresponding chordal graph being 
K,,). For algorithmic purposes, one is interested in finer tree-decompositions, as 
measured by a parameter called the width of the decomposition. A nontrivial tree- 
decomposition of K2,3 is shown in Figure 9.16. 


Tu 
e 


WY 


be 


fie ey 


So 
° 
Ty 
Fig. 9.16. A tree-decomposition of K2,3, of width three 


Let (T, {Ty : v € V}) be a tree-decomposition of a graph G, where V(T) = X 
and V(T,) = Xy, v € V. The dual of the hypergraph (X,{X, : v € V}) is the 
hypergraph (V,{V;, :« € X}), where V, := {u€V:a€ Xy}. For instance, if G is 
a chordal graph, the sets V,, « € X, are the cliques in its simplicial decomposition. 
The greatest cardinality of an edge of this dual hypergraph, max {|V,|: 2 € X}, is 
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called the width of the decomposition.1 The tree-decomposition of K,3 shown in 
Figure 9.16 has width three, the sets V,, « € X, being {u, 2, y}, {v, x, y}, {w, x, y}, 
and {x,y}. 

As another example, consider the tree-decomposition of the (3 x3)-grid P; 0 Ps; 
with vertex set {(7,7) : 1 <1%,7 < 3} shown in Figure 9.17. This tree-decomposition 
has width four, all six sets V, (the horizontal sets) being of cardinality four. 


T Ty1T21T31Ti2 


e 
T22 


T32 


| | Tis 


1 2. 3 i | m. 


Fig. 9.17. A tree-decomposition of the (3 x 3)-grid, of width four 


In general, a graph may have many different tree-decompositions. The tree- 
width of the graph is the minimum width among all tree-decompositions. Thus the 
tree-width of a chordal graph is its clique number; in particular, every nontrivial 
tree has tree-width two. Cycles also have tree-width two. More generally, one 
can show that every series-parallel graph (defined in Exercise 10.5.11) has tree- 
width at most three. The (n x n)-grid has tree-width n + 1; that this is an upper 
bound follows from a generalization of the tree-decomposition given in Figure 9.17, 
but establishing the lower bound is more difficult (see Section 10.7). For graphs 
in general, Arnborg et al. (1987) showed that computing the tree-width is an 
NP-hard problem. On the other hand, there exists polynomial-time algorithm for 
deciding whether a graph has tree-width at most k, where & is a fixed integer 
(Robertson and Seymour (1986)). 

If a graph has a small tree-width, then it has a treelike structure, resembling 
a ‘thickened’ tree, and this structure has enabled the development of polynomial- 
time algorithms for many MP-hard problems (see, for example, Arnborg and 
Proskurowski (1989)). More significantly, tree-decompositions have proved to be 
a fundamental tool in the work of Robertson and Seymour on linkages and graph 
minors (see Section 10.7). 


' WARNING: the value of the width as defined here is one greater than the standard 
definition. This difference has no bearing on qualitative statements about tree-width, 
many of which are of great significance. On the other hand, as regards quantitative 
statements, this is certainly the right definition from an aesthetic viewpoint. 
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A number of other width parameters have been studied, including the path- 
width (where the tree T is constrained to be a path), the branch-width, and the cut- 
width. We refer the reader to one of the many surveys on this topic; for example, 
Bienstock and Langston (1995), Reed (2003), or Bodlaender (2006). 
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10.1 Plane and Planar Graphs 


A graph is said to be embeddable in the plane, or planar, if it can be drawn in 
the plane so that its edges intersect only at their ends. Such a drawing is called 
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a planar embedding of the graph. A planar embedding G of a planar graph G can 
be regarded as a graph isomorphic to G; the vertex set of G is the set of points 
representing the vertices of G, the edge set of G is the set of lines representing the 
edges of G, and a vertex of G is incident with all the edges of G that contain it. 
For this reason, we often refer to a planar embedding G of a planar graph G as a 
plane graph, and we refer to its points as vertices and its lines as edges. However, 
when discussing both a planar graph G and a plane embedding G of G, in order 
to distinguish the two graphs, we call the vertices of G points and its edges lines; 
thus, by the point v of G_we mean the point of G_that represents the vertex v of 
G, and by the line e of G we mean the line of G that represents the edge e of 
G. Figure 10.1b depicts a planar embedding of the planar graph Ks \ e, shown in 
Figure 10.1a. 


(a) (b) 


Fig. 10.1. (a) The planar graph Ks \ e, and (b) a planar embedding of Ks \ e 


THE JORDAN CURVE THEOREM 


It is evident from the above definition that the study of planar graphs necessarily 
involves the topology of the plane. We do not attempt here to be strictly rigorous in 
topological matters, however, and are content to adopt a naive point of view toward 
them. This is done so as not to obscure the combinatorial aspects of the theory, 
which is our main interest. An elegant and rigorous treatment of the topological 
aspects can be found in the book by Mohar and Thomassen (2001). 

The results of topology that are especially relevant in the study of planar graphs 
are those which deal with simple curves. By a curve, we mean a continuous image 
of a closed unit line segment. Analogously, a closed curve is a continuous image of 
a circle. A curve or closed curve is simple if it does not intersect itself (in other 
words, if the mapping is one-to-one). Properties of such curves come into play in 
the study of planar graphs because cycles in plane graphs are simple closed curves. 

A subset of the plane is arcwise-connected if any two of its points can be 
connected by a curve lying entirely within the subset. The basic result of topology 
that we need is the Jordan Curve Theorem. 
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Theorem 10.1 THE JORDAN CURVE THEOREM 
Any simple closed curve C in the plane partitions the rest of the plane into two 
disjoint arcwise-connected open sets. 


Although this theorem is intuitively obvious, giving a formal proof of it is quite 
tricky. The two open sets into which a simple closed curve C' partitions the plane 
are called the interior and the exterior of C. We denote them by int(C) and ext(C), 
and their closures by Int(C) and Ext(C), respectively (thus Int(C) N Ext(C) = C). 
The Jordan Curve Theorem implies that every arc joining a point of int(C) to a 
point of ext(C) meets C in at least one point (see Figure 10.2). 


Fig. 10.2. The Jordan Curve Theorem 


Figure 10.1b shows that the graph K; \e is planar. The graph Ks, on the other 
hand, is not planar. Let us see how the Jordan Curve Theorem can be used to 
demonstrate this fact. 


Theorem 10.2 K; is nonplanar. 


Proof By contradiction. Let G be a planar embedding of Ks, with vertices 
U1, V2, U3, U4, U5. Because G is complete, any two of its vertices are joined by an 
edge. Now the cycle C' := v,v2v3v1 is a simple closed curve in the plane, and the 
vertex v4 must lie either in int(C) or in ext(C). Without loss of generality, we may 
suppose that v4 € int(C). Then the edges v1 v4, v2v4, v3v4 all lie entirely in int(C), 
too (apart from their ends vj, v2, v3) (see Figure 10.3). 

Consider the cycles Cy := vau3v4v2, Co = v3v1v0403, and C3 := vyvev4vy. 
Observe that v; € ext(C;), i = 1,2,3. Because vjvu5 € E(G) and G is a plane 
graph, it follows from the Jordan Curve Theorem that vs € ext(C;), 7 = 1,2,3, 
too. Thus vs € ext(C). But now the edge v4vs crosses C, again by the Jordan 
Curve Theorem. This contradicts the planarity of the embedding G. 


A similar argument can be used to establish that K3.3 is nonplanar, too (Ex- 
ercise 10.1.1b). 
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U3 


ext(C) 


Fig. 10.3. Proof of the nonplanarity of Ks 


SUBDIVISIONS 


Any graph derived from a graph G by a sequence of edge subdivisions is called 
a subdivision of G or a G-subdivision. Subdivisions of Ks and K3.3 are shown in 
Figure 10.4. 


Fig. 10.4. (a) A subdivision of Ks, (b) a subdivision of K3,3 


The proof of the following proposition is straightforward (Exercise 10.1.2). 


Proposition 10.3 A graph G is planar if and only if every subdivision of G is 
planar. 


Because Ks and K3 3 are nonplanar, Proposition 10.3 implies that no planar 
graph can contain a subdivision of either Ks or K3.3. A fundamental theorem due 
to Kuratowski (1930) states that, conversely, every nonplanar graph necessarily 
contains a copy of a subdivision of one of these two graphs. A proof of Kuratowski’s 
Theorem is given in Section 10.5. 

As mentioned in Chapter 1 and illustrated in Chapter 3, one may consider 
embeddings of graphs on surfaces other than the plane. We show in Section 10.6 
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that, for every surface S, there exist graphs which are not embeddable on S. 
Every graph can, however, be embedded in the 3-dimensional euclidean space R3 
(Exercise 10.1.7). 

Planar graphs and graphs embeddable on the sphere are one and the same. To 
see this, we make use of a mapping known as stereographic projection. Consider 
a sphere S resting on a plane P, and denote by z the point that is diametrically 
opposite the point of contact of S and P. The mapping a : S\{z} — P, defined by 
m(s) = pif and only if the points z, s, and p are collinear, is called a stereographic 
projection from z; it is illustrated in Figure 10.5. 


Fig. 10.5. Stereographic projection 


Theorem 10.4 A graph G is embeddable on the plane if and only if it is embed- 
dable on the sphere. 


Proof Suppose that G has an embedding G on the sphere. Choose a point z of 
the sphere not in G. Then the i image of G under stereographic projection from z 
is an embedding of G on the plane. The converse is proved similarly. 


On many occasions, it is advantageous to consider embeddings of planar graphs 
on the sphere; one instance is provided by the proof of Proposition 10.5 in the next 
section. 


Exercises 


*10.1.1 Show that: 


a) every proper subgraph of K3,3 is planar, 
b) A3,3 is nonplanar. 


«10.1.2 Show that a graph is planar if and only if every subdivision of the graph 
is planar. 
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*10.1.3 


a) Show that the Petersen graph contains a subdivision of K3 3. 
b) Deduce that the Petersen graph is nonplanar. 


x10.1.4 


a) Let G be a planar graph, and let e be a link of G. Show that G/e is planar. 
b) Is the converse true? 


*10.1.5 Let G be a simple nontrivial graph in which each vertex, except possi- 
bly one, has degree at least three. Show, by induction on n, that G contains a 
subdivision of K4. 


10.1.6 Find a planar embedding of the graph in Figure 10.6 in which each edge is 
a straight line segment. 
(Wagner (1936) proved that every simple planar graph admits such an embedding.) 


Fig. 10.6. Find a straight-line planar embedding of this graph (Exercise 10.1.6) 


10.1.7 A k-book is a topological subspace of R® consisting of k unit squares, called 
its pages, that have one side in common, called its spine, but are pairwise disjoint 
otherwise. Show that any graph G is embeddable in R® by showing that it is 
embeddable in a k-book, for some k. 


10.1.8 Consider a drawing G of a (not necessarily planar) graph G in the plane. 
Two edges of G cross if they meet at a point other than a vertex of G. Each such 
point is called a crossing of the two edges. The crossing number of G, denoted by 
cr(G), is the least number of crossings in a drawing of G in the plane. Show that: 


a) cr(G) = 0 if and only if G is planar, 

b) cr(Ks) = cr(K3,3) = 1, 

c) cr(Pio) = 2, where Pio is the Petersen graph, 
d) or(Ke) = 
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10.1.9 Show that cr(K;,)/(‘) is a monotonically increasing function of n. 


10.1.10 A graph G is crossing-minimal if cr(G \ e) < er(G) for all e € E. Show 
that every nonplanar edge-transitive graph is crossing-minimal. 


10.1.11 A thrackle is a graph embedded in the plane in such a way that any two 
edges intersect exactly once (possibly at an end). Such an embedding is called a 
thrackle embedding. Show that: 


a) every tree has a thrackle embedding, 
b) the 4-cycle has no thrackle embedding, 
c) the triangle and every cycle of length five or more has a thrackle embedding. 


ee 


10.1.12 Show that every simple graph can be embedded in R? in such a way that: 


a) each vertex lies on the curve {(t, t?,t?) : t € R}, 
b) each edge is a straight line segment. (C. THOMASSEN) 


10.2 Duality 


FACES 


A plane graph G partitions the rest of the plane into a number of arcwise-connected 
open sets. These sets are called the faces of G. Figure 10.7 shows a plane graph 
with five faces, f1, fo, f3, fa, and fs. Each plane graph has exactly one unbounded 
face, called the outer face. In the plane graph of Figure 10.7, the outer face is 
fi. We denote by F(G) and f(G), respectively, the set of faces and the number 
of faces of a plane graph G. The notion of a face applies also to embeddings of 
graphs on other surfaces. 


fi V1 el V2 


Us €4 V4 


Fig. 10.7. A plane graph with five faces 
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The boundary of a face f is the boundary of the open set f in the usual 
topological sense. A face is said to be incident with the vertices and edges in its 
boundary, and two faces are adjacent if their boundaries have an edge in common. 
In Figure 10.7, the face f, is incident with the vertices v1, v2,v3,U4,U5 and the 
edges €1, €2, €3, €4, €5; it is adjacent to the faces fs, fa, fs. 

We denote the boundary of a face f by O(f). The rationale for this notation 
becomes apparent shortly, when we discuss duality. The boundary of a face may 
be regarded as a subgraph. Moreover, when there is no scope for confusion, we use 
the notation O(f) to denote the edge set of this subgraph. 


Proposition 10.5 Let G be a planar graph, and let f be a face in some planar 
embedding of G. Then G admits a planar embedding whose outer face has the same 
boundary as f. 


Proof Consider an embedding G of G on the sphere; such an embedding exists 
by virtue of Theorem 10.4. Denote by Ft the face of G corresponding to f. Let z be 
a point in the interior of f, and let m(G) be the image of G under stereographic 
projection from z. Clearly m(G) is a planar embedding of G with the desired 
property. 


By the Jordan Curve Theorem, a planar embedding of a cycle has exactly 
two faces. In the ensuing discussion of plane graphs, we assume, without proof, a 
number of other intuitively obvious statements concerning their faces. We assume, 
for example, that a planar embedding of a tree has just one face, and that each 
face boundary in a connected plane graph is itself connected. Some of these facts 
rely on another basic result of plane topology, known as the Jordan—Schonfliess 
Theorem. 


Theorem 10.6 THE JORDAN-SCHONFLIESS THEOREM 
Any homeomorphism of a simple closed curve in the plane onto another simple 
closed curve can be extended to a homeomorphism of the plane. 


One implication of this theorem is that any point p on a simple closed curve C 
can be connected to any point not on C by means of a simple curve which meets C’ 
only in p. We refer the reader to Mohar and Thomassen (2001) for further details. 

A cut edge in a plane graph has just one incident face, but we may think of the 
edge as being incident twice with the same face (once from each side); all other 
edges are incident with two distinct faces. We say that an edge separates the faces 
incident with it. The degree, d(f), of a face f is the number of edges in its boundary 
O(f), cut edges being counted twice. In Figure 10.7, the edge e9 separates the faces 
feo and fs and the edge eg separates the face fs from itself; the degrees of f3 and 
fs are 6 and 5, respectively. 

Suppose that G is a connected plane graph. To subdivide a face f of G is to 
add a new edge e joining two vertices on its boundary in such a way that, apart 
from its endpoints, e lies entirely in the interior of f. This operation results in a 
plane graph G + e with exactly one more face than G; all faces of G except f are 
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Fig. 10.8. Subdivision of a face f by an edge e 


also faces of G+ e, and the face f is replaced by two new faces, f; and f2, which 
meet in the edge e, as illustrated in Figure 10.8. 

In a connected plane graph the boundary of a face can be regarded as a closed 
walk in which each cut edge of the graph that lies in the boundary is traversed 
twice. This is clearly so for plane trees, and can be established in general by induc- 
tion on the number of faces (Exercise 10.2.2.) In the plane graph of Figure 10.7, 
for instance, 


O( fz) = vier v2egvze1oUse7Uges¥1e9U1 and O( fs) = viegvees¥7esUGC7U5E5U1 


Moreover, in the case of nonseparable graphs, these boundary walks are simply 
cycles, as was shown by Whitney (1932c). 


Theorem 10.7 In a nonseparable plane graph other than K, or K2, each face is 
bounded by a cycle. 


Proof Let G be a nonseparable plane graph. Consider an ear decomposition 
Go, G1,...,Gz of G, where Gp is a cycle, G, = G, and, for 0 <i < k—-2, 
Gi41 := G; U P; is a nonseparable plane subgraph of G, where P; is an ear of Gj. 
Since Go is a cycle, the two faces of Go are clearly bounded by cycles. Assume, 
inductively, that all faces of G; are bounded by cycles, where i > 0. Because Gj+1 
is a plane graph, the ear P; of G; is contained in some face f of G';. (More precisely, 
Gj4,1 is obtained from G; by subdividing the face f by an edge joining the ends 
of P; and then subdividing that edge by inserting the internal vertices of P;.) 
Each face of G; other than f is a face of Gj,1 as well, and so, by the induction 
hypothesis, is bounded by a cycle. On the other hand, the face f of G; is divided 
by P; into two faces of G1, and it is easy to see that these, too, are bounded by 
cycles. 


One consequence of Theorem 10.7 is that all planar graphs without cut edges 
have cycle double covers (Exercise 10.2.8). Another is the following. 


Corollary 10.8 In a loopless 3-connected plane graph, the neighbours of any ver- 
tex lie on a common cycle. 
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Fig. 10.9. The dual of the plane graph of Figure 10.7 


Proof Let G be a loopless 3-connected plane graph and let v be a vertex of G. 
Then G — v is nonseparable, so each face of G — v is bounded by a cycle, by 
Theorem 10.7. If f is the face of G — v in which the vertex v was situated, the 
neighbours of v lie on its bounding cycle O(f). 


DUALS 


Given a plane graph G, one can define a second graph G* as follows. Corresponding 
to each face f of G there is a vertex f* of G*, and corresponding to each edge e of 
G there is an edge e* of G*. Two vertices f* and g* are joined by the edge e* in G* 
if and only if their corresponding faces f and g are separated by the edge e in G. 
Observe that if e is a cut edge of G, then f = g, so e* is a loop of G*; conversely, 
if e is a loop of G, the edge e* is a cut edge of G*. The graph G* is called the dual 
of G. The dual of the plane graph of Figure 10.7 is drawn in Figure 10.9. 

In the dual G* of a plane graph G, the edges corresponding to those which lie 
in the boundary of a face f of G are just the edges incident with the corresponding 
vertex f*. When G has no cut edges, G* has no loops, and this set is precisely the 
trivial edge cut O(f*); that is, 


Of") = {e*: e € O(f)} 


It is for this reason that the notation O(f) was chosen. 

It is easy to see that the dual G* of a plane graph G is itself a planar graph; 
in fact, there is a natural embedding of G* in the plane. We place each vertex f* 
in the corresponding face f of G, and then draw each edge e* in such a way that 
it crosses the corresponding edge e of G exactly once (and crosses no other edge 
of G). This procedure is illustrated in Figure 10.10, where the dual is indicated by 
heavy lines. 

It is intuitively clear that we can always draw the dual as a plane graph in this 
way, but we do not prove this fact. We refer to such a drawing of the dual as a 
plane dual of the plane graph G. 
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Fig. 10.10. The plane graph of Figure 10.7 and its plane dual 


Proposition 10.9 The dual of any plane graph is connected. 


Proof Let G bea plane graph and G* a plane dual of G. Consider any two vertices 
of G*. There is a curve in the plane connecting them which avoids all vertices of 
G. The sequence of faces and edges of G traversed by this curve corresponds in G* 
to a walk connecting the two vertices. 


Although defined abstractly, it is often convenient to regard the dual G* of a 
plane graph G as being itself a plane graph, embedded as described above. One 
may then consider the dual G** of G*. When G is connected, it is not difficult to 
prove that G** & G (Exercise 10.2.4); a glance at Figure 10.10 indicates why this 
is So. 

It should be noted that isomorphic plane graphs may well have nonisomorphic 
duals. For example, although the plane graphs in Figure 10.11 are isomorphic, their 
duals are not: the plane graph shown in Figure 10.11a has two faces of degree three, 
whereas that of Figure 10.11b has only one such face. Thus the notion of a dual 
graph is meaningful only for plane graphs, and not for planar graphs in general. 
We show, however (in Theorem 10.28) that every simple 3-connected planar graph 
has a unique planar embedding (in the sense that its face boundaries are uniquely 
determined) and hence has a unique dual. 

The following relations are direct consequences of the definition of the dual G*. 


u(G*) = f(G), e(G*) =e(G), and de«(f*)=de(f) forall f € F(G) (10.1) 
The next theorem may be regarded as a dual version of Theorem 1.1. 


Theorem 10.10 Jf G is a plane graph, 


S> d(f) = 2m 


FEF 
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— 


(a) (0) 


Fig. 10.11. Isomorphic plane graphs with nonisomorphic duals 


Proof Let G* be the dual of G. By (10.1) and Theorem 1.1, 
S> d(f)= Sd. d(ft) =2e(G*) = 2e(G) = 2m 


fEF(G) frev(G*) 


A simple connected plane graph in which all faces have degree three is called 
a plane triangulation or, for short, a triangulation. The tetrahedron, the octahe- 
dron, and the icosahedron (depicted in Figure 1.14) are all triangulations. As a 
consequence of (10.1) we have: 


Proposition 10.11 A simple connected plane graph is a triangulation if and only 
if its dual is cubic. 


It is easy to show that every simple plane graph on three or more vertices is a 
spanning subgraph of a triangulation (Exercise 10.2.5). On the other hand, as we 
show in Section 10.3, no simple spanning supergraph of a triangulation is planar. 
For this reason, triangulations are also known as maximal planar graphs. They 
play an important role in the theory of planar graphs. 


DELETION—CONTRACTION DUALITY 


Let G be a planar graph and Ga plane embedding of G. For any edge e of G, 
a plane embedding of G \ e can be obtained by simply deleting the line e from 
CT hus, the deletion of an edge from a planar graph results in a planar graph. 
Although less obvious, the contraction of an edge of a planar graph also results in 
a planar graph (Exercise 1 10.1.4b). Indeed, given any edge e of a planar graph G 
and a planar embedding G of G, the line e of G can be contracted to a single point 
(and the lines incident to its ends redrawn) so that the resulting plane graph is a 
planar embedding of G /e. 

The following two propositions show that the operations of contracting and 
deleting edges in plane graphs are related in a natural way under duality. 


Proposition 10.12 Let G be a connected plane graph, and let e be an edge of G 
that is not a cut edge. Then 


(G\6)* = Gt /e" 
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Proof Because e is not a cut edge, the two faces of G incident with e are distinct; 
denote them by f; and f2. Deleting e from G results in the amalgamation of f; 
and f into a single face f (see Figure 10.12). Any face of G that is adjacent to fi 
or fg is adjacent in G\e to f; all other faces and adjacencies between them are 
unaffected by the deletion of e. Correspondingly, in the dual, the two vertices f? 
and f3 of G* which correspond to the faces f; and f2 of G are now replaced by a 
single vertex of (G \ e)*, which we may denote by f*, and all other vertices of G* 
are vertices of (G \ e)*. Furthermore, any vertex of G* that is adjacent to fj or 
fs is adjacent in (G \e)* to f*, and adjacencies between vertices of (G \ e)* other 
than v are the same as in G*. The assertion follows from these observations. 


Fig. 10.12. (a) G and G*, (b) G\ e and G* /e* 


Dually, we have: 


Proposition 10.13 Let G be a connected plane graph, and let e be a link of G. 
Then 
(G/e)* =G*\e 


Proof Because G is connected, G** ~ G (Exercise 10.2.4). Also, because e is 
not a loop of G, the edge e* is not a cut edge of G*, so G* \ e* is connected. By 
Proposition 10.12, 

(G* \ e*)* = G@* /e* =G/e 


The proposition follows on taking duals. 


We now apply Propositions 10.12 and 10.13 to show that nonseparable plane 
graphs have nonseparable duals. This fact turns out to be very useful. 


Theorem 10.14 The dual of a nonseparable plane graph is nonseparable. 


Proof By induction on the number of edges. Let G be a nonseparable plane 
graph. The theorem is clearly true if G has at most one edge, so we may assume 
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that G has at least two edges, hence no loops or cut edges. Let e be an edge of G. 
Then either G'\e or G/e is nonseparable (Exercise 5.3.2). If G\ e is nonseparable, 
so is (G \ e)* = G* /e*, by the induction hypothesis and Proposition 10.12. Ap- 
plying Exercise 5.2.2b, we deduce that G* is nonseparable. The case where G /e 
is nonseparable can be established by an analogous argument. 


The dual of any plane graph is connected, and it follows from Theorem 10.14 
that the dual of a loopless 2-connected plane graph is 2-connected. Furthermore, 
one can show that the dual of a simple 3-connected plane graph is 3-connected 
(Exercise 10.2.7). 

The notion of plane duality can be extended to directed graphs. Let D be a 
plane digraph, with underlying plane graph G. Consider a plane dual G* of G. 
Each arc a of D separates two faces of G. As a is traversed from its tail to its 
head, one of these faces lies to the left of a and one to its right. We denote these 
two faces by J, and ra, respectively; note that if a is a cut edge, lg = rq. For 
each arc a of D, we now orient the edge of G* that crosses it as an arc a* by 
designating the end lying in /, as the tail of a* and the end lying in r, as its head. 
The resulting plane digraph D* is the directed plane dual of D. An example is 
shown in Figure 10.13. 


Fig. 10.13. An orientation of the triangular prism, and its directed plane dual 


VECTOR SPACES AND DUALITY 


We have seen that the cycle and bond spaces are orthogonal complements (Exer- 
cise 2.6.4a). In the case of plane graphs, this relationship of orthogonality can also 
be expressed in terms of duality, as we now explain. As usual in this context, we 
identify cycles, trees, and cotrees with their edge sets. 

We observed earlier that all duals are connected (Proposition 10.9). A similar 
argument, based on the fact that the interior of a cycle in a plane graph is arcwise- 
connected, establishes the following proposition. 


10.2 Duality 257 


Proposition 10.15 Let G be a plane graph, G* a plane dual of G, C a cycle of 
G, and X* the set of vertices of G* that lie in int(C). Then G*[X*] is connected. 


For a subset S of E(G), we denote by S* the subset {e* : e € S} of E(G*). 


Theorem 10.16 Let G be a connected plane graph, and let G* be a plane dual of 
G. 


a) If C is a cycle of G, then C* is a bond of G*. 
b) If B is a bond of G, then B* is a cycle of G*. 


Proof a) Let C be a cycle of G, and let X* denote the set of vertices of G* that 
lie in int(C). Then C* is the edge cut 0(X*) in G*. By Proposition 10.15, the 
subgraph of G* induced by X* is connected. Likewise, the subgraph of G* induced 
by V(G*) \ X* is connected. It follows from Theorem 2.15 that C* is a bond of 
G*. We leave part (b) (the converse of (a)) as an exercise (Exercise 10.2.9). 


As a straightforward consequence of Theorem 10.16, we have: 


Corollary 10.17 For any plane graph G, the cycle space of G is isomorphic to 
the bond space of G*. 


The relationship between cycles and bonds expressed in Theorem 10.16 may 
be refined by taking orientations into account and considering directed duals, as 
defined above. Let D be a plane digraph and D* its directed plane dual. For a 
subset S of A(D), denote by S* the subset {a* : a € S} of A(D*). 


Theorem 10.18 Let D be a connected plane digraph and let D* be a plane directed 
dual of D. 


a) Let C be a cycle of D, with a prescribed sense of traversal. Then C* is a bond 
O(X*)of D*. Moreover the set of forward arcs of C corresponds to the outcut 

OT (X*) and the set of reverse arcs of C to the incut 07 (X*). 

b) Let B := O(X) be a bond of D. Then B* is a cycle of D*. Moreover the outcut 

OT (X) corresponds to the set of forward arcs of B* and the incut O~(X) 

corresponds to the set of reverse arcs of B* (with respect to a certain sense of 

traversal of B*). 


The proof of Theorem 10.18 is left to the reader (Exercise 10.2.13). 


Exercises 


10.2.1 


a) Show that a graph is planar if and only if each of its blocks is planar. 
b) Deduce that every minimal nonplanar graph is both simple and nonseparable. 
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*10.2.2 Prove that the boundary of a face of a connected plane graph can be 
regarded as a closed walk in which each cut edge of the graph lying in the boundary 
is traversed twice. 


10.2.3 Determine the duals of the five platonic graphs (Figure 1.14). 
*10.2.4 Let G be a plane graph. Show that G** = G if and only if G is connected. 


*10.2.5 Show that every simple connected plane graph on n vertices, where n > 3, 
is a spanning subgraph of a triangulation. 


10.2.6 Let G be a triangulation on at least four vertices. Show that G* is a simple 
nonseparable cubic plane graph. 


10.2.7 Show that the dual of a simple 3-connected plane graph is both simple and 
3-connected. 


10.2.8 Show that every planar graph without cut edges has a cycle double cover. 


*10.2.9 Show that if B is a bond of a plane graph G, then B* is a cycle of its 
plane dual G*. 


10.2.10 


a) Show that the dual of an even plane graph is bipartite (and conversely). 

b) A Hamilton bond of a connected graph G is a bond B such that both compo- 
nents of G \ B are trees. Let G be a plane graph which contains a Hamilton 
cycle, and let C be (the edge set of) such a cycle. Show that C* is a Hamilton 
bond of G*. 


10.2.11 OUTERPLANAR GRAPH os 

A graph G is outerplanar if it has a planar embedding G in which all vertices lie 
on the boundary of its outer face. An outerplanar graph equipped with such an 
embedding is called an outerplane graph. Show that: 


a) if G is an outerplane graph, then the subgraph of G* induced by the vertices 
corresponding to the interior faces of G is a tree, 

b) every simple 2-connected outerplanar graph other than K2 has a vertex of 
degree two. 


10.2.12 Let T be a spanning tree of a connected plane graph G. Show that (£\T)* 
is a spanning tree of G*. 


*10.2.13 Prove Theorem 10.18. 


ee 


10.2.14 A Halin graph is a graph H := T UC, where T is a plane tree on at least 
four vertices in which no vertex has degree two, and C’ is a cycle connecting the 
leaves of T in the cyclic order determined by the embedding of T. Show that: 
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a) every Halin graph is minimally 3-connected, 
b) every Halin graph has a Hamilton cycle. 


10.2.15 The medial graph of a plane graph G is the 4-regular graph M(G) with 
vertex set E(G) in which two vertices are joined by k edges if, in G, they are 
adjacent edges which are incident to k common faces (k = 0,1,2). (The medial 
graph has a natural planar embedding.) Let G be a nonseparable plane graph. 
Show that: 


a) M(G) is a 4-regular planar graph, 
b) M(G) & M(G*). 


10.3 Euler’s Formula 


There is a simple formula relating the numbers of vertices, edges, and faces in 
a connected plane graph. It was first established for polyhedral graphs by Euler 
(1752), and is known as Euler’s Formula. 


Theorem 10.19 EULER’S FORMULA 
For a connected plane graph G, 


v(G) — e(G) + f(G) =2 (10.2) 


Proof By induction on f(G), the number of faces of G. If f(G) = 1, each edge of 
G is a cut edge and so G, being connected, is a tree. In this case e(G) = u(G) — 1, 
by Theorem 4.3, and the assertion holds. Suppose that it is true for all connected 
plane graphs with fewer than f faces, where f > 2, and let G be a connected plane 
graph with f faces. Choose an edge e of G that is not a cut edge. Then G\e isa 
connected plane graph with f — 1 faces, because the two faces of G separated by 
e coalesce to form one face of G \ e. By the induction hypothesis, 


u(G\e)—eG\e)+ f(G\e) =2 
Using the relations 
u(G \e) = v(G), e(G\e)=e(G)—1, and f(G\e)=f(G)-1 


we obtain 


u(G) — e(G) + f(G) =2 


The theorem follows by induction. 


Corollary 10.20 All planar embeddings of a connected planar graph have the same 
number of faces. 
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Proof Let G bea planar embedding of a planar graph G. By Euler’s Formula 
(10.2), we have 


f(G) = e(G) — o(G) +2 = e(G) — vo(G) +2 


Thus the number of faces of G depends only on the graph G, and not on its 
embedding. 


Corollary 10.21 Let G be a simple planar graph on at least three vertices. Then 
m <3n—6. Furthermore, m = 3n—6 if and only if every planar embedding of G 
is a triangulation. 


Proof It clearly suffices to prove the corollary for connected graphs. Let G be a 
simple connected planar graph with n > 3. Consider any planar embedding G of 
G. Because G is simple and connected, on at least three vertices, d(f) > 3 for all 
f € F(G). Therefore, by Theorem 10.10 and Euler’s Formula (10.2) 


2m= Y- df) >3f(G@) =3(m—n+t2) (10.3) 
fer(G) 


or, equivalently, 
m <3n—6 (10.4) 


Equality holds in (10.4) if and only if it holds in (10.3), that is, if and only if 
d(f) = 3 for each f € F(G). 


Corollary 10.22 Every simple planar graph has a vertex of degree at most five. 


Proof This is trivial for n < 3. Ifn > 3, then by Theorem 1.1 and Corollary 10.21, 


én < S> d(v) = 2m <6n—-12 
vEeV 


It follows that 6 <5. 


We have already seen that As and K3 3 are nonplanar (Theorem 10.2 and 
Exercise 10.1.1b). Here, we derive these two basic facts from Euler’s Formula (10.2). 


Corollary 10.23 Ks; is nonplanar. 
Proof If Ks were planar, Corollary 10.21 would give 


10 = e(Ks) < 30(Ks) -6 =9 


Thus K; must be nonplanar. 


Corollary 10.24 K3 3 is nonplanar. 
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Proof Suppose that K3.3 is planar and let G be a planar embedding of 33. 
Because ‘3.3 has no cycle of length less than four, every face of G has degree at 
least four. Therefore, by Theorem 10.10, we have 


4f(@) < Do dlf) = 2e(@) = 18 


fer 
implying that f(G) < 4. Euler’s Formula (10.2) now implies that 


2=v(G) —e(G) + f(G) <6-9+4=1 


which is absurd. 


Exercises 


*10.3.1 Show that the crossing number satisfies the inequality cr(G) > m—3n+6, 
provided that n > 3. 


10.3.2 


a) Let G be a connected planar graph with girth k, where k > 3. Show that 
m < k(n — 2)/(k — 2). 
b) Deduce that the Petersen graph is nonplanar. 


10.3.3 Deduce Euler’s Formula (10.2) from Exercise 10.2.12. 


10.3.4 


a) Show that the complement of a simple planar graph on at least eleven vertices 
is nonplanar. 
b) Find a simple planar graph on eight vertices whose complement is planar. 


ee 


10.3.5 A plane graph is face-regular if all of its faces have the same degree. 


a) Characterize the plane graphs which are both regular and face-regular. 
b) Show that exactly five of these graphs are simple and 3-connected. (They are 
the platonic graphs.) 


10.3.6 The thickness 0(G) of a graph G is the minimum number of planar graphs 
whose union is G. (Thus 0(G) = 1 if and only if G is planar.) 


a) Let G be a simple graph. Show that 6(G) > [m/(3n — 6)]. 

b) Deduce that 6(K,,) > |(n + 1)/6| + 1 and show, using Exercise 10.3.4b, that 
equality holds for all n < 8. 
(Beineke and Harary (1965) proved that equality holds for all n 4 9,10; Battle 
et al. (1962) showed that @(K9) = 3.) 
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c) Express the Turan graph 76,12 (defined in Exercise 1.1.11) as the union of two 
graphs, each isomorphic to the icosahedron. 
d) Deduce from (b) and (c) that 6(Ay2) = 3. 
10.3.7 
a) Let G be a simple bipartite graph. Show that 6(G) > [m/(2n — 4)]. 
b) Deduce that @( Kinin) > fmn/(2m + 2n — 4)]. 
(Beineke et al. (1964) showed that equality holds if mn is even. It is conjectured 
that equality holds in all cases.) 
10.3.8 A plane graph is self-dual if it is isomorphic to its dual. 
a) Show that: 
i) if G is self-dual, then e(G) = 2v(G) — 2, 
ii) the four plane graphs shown in Figure 10.14 are self-dual. 


b) Find four infinite families of self-dual plane graphs of which those four graphs 
are members. 


(Smith and Tutte (1950) proved that every self-dual plane graph belongs to one 
of four infinite families.) 


/ \ 
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Fig. 10.14. Self-dual plane graphs 


10.3.9 


a) Let S be a set of n points in the plane, where n > 3 and the distance between 
any two points of S is at least one. Show that no more than 3n — 6 pairs of 
points of S can be at distance exactly one. (P. Erp6s) 

b) By considering the triangular lattice (shown in Figure 1.27) find, for each 
positive integer k, a set S of 3k? + 3k +1 points in the plane such that the 
distance between any two points of S$ is at least one, and such that 9k? + 3k 
pairs of points of S are at distance exactly one. 


10.3.10 THE SYLVESTER—GALLAI THEOREM 


a) Let £ be a finite set of lines in the plane, no two of which are parallel and 
not all of which are concurrent. Using Euler’s Formula (10.2), show that some 
point is the point of intersection of precisely two lines of L. 

b) Deduce from (a) the Syluester-Gallai Theorem: if S is a finite set of points in 
the plane, not all of which are collinear, there is a line that contains precisely 
two points of S. (E. MELCHIOR) 
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10.4 Bridges 


In the study of planar graphs, certain subgraphs, called bridges, play an important 
role. We now define these subgraphs and discuss their properties. 

Let H be a proper subgraph of a connected graph G. The set E(G) \ E(#) 
may be partitioned into classes as follows. 


> For each component F' of G—V(#H), there is a class consisting of the edges of 
F together with the edges linking F to H. 

> Each remaining edge e (that is, one which has both ends in V(H)) defines a 
singleton class {e}. 


The subgraphs of G' induced by these classes are the bridges of H in G. It follows 
immediately from this definition that bridges of H can intersect only in vertices 
of H, and that any two vertices of a bridge of H are connected by a path in the 
bridge that is internally disjoint from H. For a bridge B of H, the elements of 
V(B) NV(4) are called its vertices of attachment to H; the remaining vertices of 
B are its internal vertices. A bridge is trivial if it has no internal vertices (that 
is, if it is of the second type). In a connected graph, every bridge has at least 
one vertex of attachment; moreover, in a nonseparable graph, every bridge has 
at least two vertices of attachment. A bridge with k vertices of attachment is 
called a k-bridge. Two bridges with the same vertices of attachment are equivalent 
bridges. Figure 10.15 shows a variety of bridges of a cycle in a graph; edges of 
different bridges are distinguished by different kinds of lines. Bridges B, and Bz 
are equivalent 3-bridges; B3 and Bg are trivial bridges. 


~ Bg 


Fig. 10.15. Bridges of a cycle 
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BRIDGES OF CYCLES 


We are concerned here with bridges of cycles, and all bridges are understood to 
be bridges of a given cycle C’. Thus, to avoid repetition, we abbreviate ‘bridge of 
C” to ‘bridge’ in the coming discussion. 

The vertices of attachment of a k-bridge B with k > 2 effect a partition of 
C into k edge-disjoint paths, called the segments of B. Two bridges avoid each 
other if all the vertices of attachment of one bridge lie in a single segment of the 
other bridge; otherwise, they overlap. In Figure 10.15, Bz and B3 avoid each other, 
whereas B, and B2 overlap, as do B3 and By. Two bridges B and B’ are skew if 
there are distinct vertices of attachment u,v of B, and u’,v’ of B’, which occur in 
the cyclic order u,u’,v,v’ on C. In Figure 10.15, B3 and By are skew, whereas B, 
and Bg are not. 


Theorem 10.25 Overlapping bridges are either skew or else equivalent 3-bridges. 


Proof Suppose that bridges B and B’ overlap. Clearly, each must have at least 
two vertices of attachment. If either B or B’ is a 2-bridge, it is easily verified that 
they must be skew. We may therefore assume that both B and B’ have at least 
three vertices of attachment. 

If B and B’ are not equivalent bridges, then B’ has a vertex u’ of attachment 
between two consecutive vertices of attachment u and v of B. Because B and 
B’ overlap, some vertex of attachment v’ of B’ does not lie in the segment of B 
connecting u and v. It follows that B and B’ are skew. 

If B and B’ are equivalent k-bridges, then k > 3. If k > 4, B and B’ are skew; 
if k = 3, they are equivalent 3-bridges. 


& 
w 
be-----0 


Fig. 10.16. Bridges of a cycle in a plane graph 


We now consider bridges of cycles in plane graphs. Suppose that G is a plane 
graph and that C is a cycle in G. Because C is a simple closed curve in the plane, 
each bridge of C' in G is contained in one of the two regions Int(C) or Ext(C). A 


10.4 Bridges 265 


bridge contained in Int(C) is called an inner bridge, a bridge contained in Ext(C) 
an outer bridge. In Figure 10.16, B; and Bg are inner bridges, and Bs and By are 
outer bridges. 


Theorem 10.26 Inner (outer) bridges avoid one another. 


Proof Let B and B’ be inner bridges of a cycle C in a plane graph G. Suppose 
that they overlap. By Theorem 10.25, they are either skew or equivalent 3-bridges. 
In both cases, we obtain contradictions. 


Case 1: B and B’' are skew. By definition, there exist distinct vertices u,v in B and 
u’,v’ in B’, appearing in the cyclic order u,u’,v,v’ on C. Let uPv be a path in B 
and u’P’v' a path in B’, both internally disjoint from C. Consider the subgraph 
H := CUPUFP'’ of G (see Figure 10.17a). Because G is plane, so is H. Let K 
be the plane graph obtained from H by adding a vertex in ext(C) and joining 
it to u,u’,v,v’ (see Figure 10.17b). Then K is a subdivision of Ks. But this is 
impossible, AK; being nonplanar. 
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Fig. 10.17. Proof of Theorem 10.26, Case 1: (a) the subgraph H, (b) the subdivision K 
of Ks 


Case 2: B and B’ are equivalent 3-bridges. Denote by S$ := {v 1, v2, v3} their 
common set of vertices of attachment. By Exercise 9.2.3, there exists a (v, S)-fan 
F in B, for some internal vertex v of B; likewise, there exists a (v’,S)-fan F’ in 
B’, for some internal vertex v’ of B’. Consider the subgraph H := FU F” of G. 
Because G is plane, so is H. Let K be the plane graph obtained from H by adding 
a vertex in ext(C) and joining it to the three vertices of S. Then K is a subdivision 
of K3.3. But this is impossible, because K33 is nonplanar (see Figure 10.18). 

We conclude that inner bridges avoid one another. Similarly, outer bridges 
avoid one another. 


It is convenient to visualize the above theorem in terms of the bridge-overlap 
graph. Let G be a graph and let C' be a cycle of G. The bridge-overlap graph of C 
is the graph whose vertex set is the set of all bridges of C in G, two bridges being 
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Fig. 10.18. Proof of Theorem 10.26, Case 2: (a) the subgraph H, (b) the subdivision K 
of K33 


adjacent if they overlap. Theorem 10.26 simply states that the bridge-overlap graph 
of any cycle of a plane graph is bipartite. Thus, a necessary condition for a graph 
to be planar is that the bridge-overlap graph of each of its cycles be bipartite. This 
condition also suffices to guarantee planarity (Exercise 10.5.7). 


UNIQUE PLANE EMBEDDINGS 


Just as there is no unique way of representing graphs by diagrams, there is no 
unique way of embedding planar graphs in the plane. Apart from the positions 
of points representing vertices and the shapes of lines representing the edges, two 
different planar embeddings of the same planar graph may differ in the incidence 
relationships between their edge and face sets; they may even have different face- 
degree sequences, as in Figure 10.11. We say that two planar embeddings of a 
planar graph G are equivalent if their face boundaries (regarded as sets of edges) 
are identical. A planar graph for which any two planar embeddings are equivalent is 
said have an unique embedding in the plane. Using the theory of bridges developed 
above, we show that every simple 3-connected planar graph is uniquely embeddable 
in the plane; note that the graph of Figure 10.11 is not 3-connected. The notion 
of a nonseparating cycle plays a crucial role in this proof. 

A cycle is nonseparating if it has no chords and at most one nontrivial bridge. 
Thus, in a loopless graph G which is not itself a cycle, a cycle C is nonseparating 
if and only if it is an induced subgraph of G and G — V(C) is connected. In 
the case of simple 3-connected plane graphs, Tutte (1963) proved that facial and 
nonseparating cycles are one and the same. 


Theorem 10.27 A cycle in a simple 3-connected plane graph is a facial cycle if 
and only if it is nonseparating. 


Proof Let G be a simple 3-connected plane graph and let C be a cycle of G. 
Suppose, first, that C is not a facial cycle of G. Then C has at least one inner 
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bridge and at least one outer bridge. Because G is simple and connected, these 
bridges are not loops. Thus either they are both nontrivial or at least one of them 
is a chord. It follows that C' is not a nonseparating cycle. 

Now suppose that C is a facial cycle of G. By Proposition 10.5, we may assume 
that C bounds the outer face of G, so all its bridges are inner bridges. By The- 
orem 10.26, these bridges avoid one another. If C had a chord «xy, the set {x, y} 
would be a vertex cut separating the internal vertices of the two xy-segments of C’. 
Likewise, if C had two nontrivial bridges, the vertices of attachment of one of these 
bridges would all lie on a single xy-segment of the other bridge, and {x,y} would 
be a vertex cut of G separating the internal vertices of the two bridges. In either 
case, the 3-connectedness of G would be contradicted. Thus C’ is nonseparating. 


A direct consequence of Theorem 10.27 is the following fundamental theorem, 
due to Whitney (1933). 


Theorem 10.28 Every simple 3-connected planar graph has a unique planar em- 
bedding. 


Proof Let G be a simple 3-connected planar graph. By Theorem 10.27, the facial 
cycles in any planar embedding of G are precisely its nonseparating cycles. Because 
the latter are defined solely in terms of the abstract structure of the graph, they 
are the same for every planar embedding of G. 


The following corollary is immediate. 


Corollary 10.29 Every simple 3-connected planar graph has a unique dual graph. 


Exercises 


*10.4.1 Let G; and G2 be planar graphs whose intersection is isomorphic to Ko. 
Show that G, U G2 is planar. 


10.4.2 Let H be a subgraph of a graph G. Consider the binary relation ~ on 
E(G) \ E(#A), where e; ~ eg if there exists a walk W in G such that: 


> the first and the last edges of W are e; and eg, respectively, 
> W is internally disjoint from H (that is, no internal vertex of W is a vertex of 


Show that: 


a) the relation ~ is an equivalence relation on E(G) \ E(#), 
b) the subgraphs of G\ E(H) induced by the equivalence classes under this equiv- 
alence relation are the bridges of H in G. 


ee 
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10.4.3 A 3-polytope is the convex hull of a set of points in R* which do not lie 
on a common plane. Show that the polyhedral graph of such a polytope is simple, 
planar, and 3-connected. 

(Steinitz (1922) proved that, conversely, every simple 3-connected planar graph is 
the polyhedral graph of some 3-polytope.) 


10.4.4 Show that any 3-connected cubic plane graph on n vertices, where n > 6, 
may be obtained from one on n — 2 vertices by subdividing two edges in the 
boundary of a face and joining the resulting new vertices by an edge subdividing 
the face. 


10.4.5 A rooting of a plane graph G is a triple (v, e, f), where v is a vertex, called 
the root vertex, e is an edge of G incident with v, called the root edge, and f isa 
face incident with e, called the root face. 


a) Show that the only automorphism of a simple 3-connected plane graph which 
fixes a given rooting is the identity automorphism. 
b) Let G be a simple 3-connected planar graph. Deduce from (a) that: 
i) aut(G) divides 4m, 
ii) aut(G) = 4m if and only if G is one of the five platonic graphs. 
(F. HARARY AND W.T. TuTTE; L. WEINBERG) 


10.5 Kuratowski’s Theorem 


Planarity being such a fundamental property, the problem of deciding whether a 
given graph is planar is clearly of great importance. A major step towards this goal 
is provided by the following characterization of planar graphs, due to Kuratowski 
(1930). 


Theorem 10.30 KURATOWSKI’S THEOREM 
A graph is planar if and only if it contains no subdivision of either Ks or K3.3. 


A subdivision of K or K3.3 is consequently called a Kuratowski subdivision. 

We first present a proof of Kuratowski’s Theorem due to Thomassen (1981), 
and then explain how it gives rise to a polynomial-time decision algorithm for 
planarity. Before proving the theorem, we reformulate it in terms of minors. 


MINORS 


A minor of a graph G is any graph obtainable from G by means of a sequence of 
vertex and edge deletions and edge contractions. Alternatively, consider a partition 
(Vo,Vi,---;Ve) of V such that G[V;] is connected, 1 <i < k, and let H be the 
graph obtained from G by deleting Vo and shrinking each induced subgraph G[V;j], 
1<i<k, toa single vertex. Then any spanning subgraph F of H is a minor of 
G. For instance, Ks is a minor of the Petersen graph because it can be obtained 
by contracting the five ‘spoke’ edges of the latter graph (see Figure 10.19). 
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Fig. 10.19. Contracting the Petersen graph to Ks 


If F is a minor of G, we write F <x G. By an F-minor of G, where F is an 
arbitrary graph, we mean a minor of G which is isomorphic to F’.. It is important 
to point out that any graph which contains an F-subdivision also has an F’-minor: 
to obtain F as a minor, one simply deletes the vertices and edges not in the 
subdivision, and then contracts each subdivided edge to a single edge. For example, 
because the Petersen graph contains a K’3,3-subdivision (Exercise 10.1.3), it also 
has a /¢33-minor. Conversely, provided that F is a graph of maximum degree 
three or less, any graph which has an F-minor also contains an F-subdivision 
(Exercise 10.5.3a). 


WAGNER’S THEOREM 


As observed in Section 10.2, the deletion or contraction of an edge in a planar 
graph results again in a planar graph. Thus we have: 


Proposition 10.31 Minors of planar graphs are planar. 


A minor which is isomorphic to Ks or K3.3 is called a Kuratowski minor. Be- 
cause Ks and 33 are nonplanar, Proposition 10.31 implies that any graph which 
has a Kuratowski minor is nonplanar. Wagner (1937) proved that the converse is 
true. 


Theorem 10.32 WAGNER’S THEOREM 
A graph is planar if and only if it has no Kuratowski minor. 


We remarked above that a graph which contains an F-subdivision also has an 
F-minor. Thus Kuratowski’s Theorem implies Wagner’s Theorem. On the other 
hand, because K’3.3 has maximum degree three, any graph which has a K’3 3-minor 
contains a K3 3-subdivision (Exercise 10.5.3a). Furthermore, any graph which has 
a Ks5-minor necessarily contains a Kuratowski subdivision (Exercise 10.5.3b). Thus 
Wagner’s Theorem implies Kuratowski’s Theorem, and the two are therefore equiv- 
alent. 

It turns out to be slightly more convenient to prove Wagner’s variant of Kura- 
towski’s Theorem. Before doing so, we need to establish two simple lemmas. 
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Lemma 10.33 Let G be a graph with a 2-vertex cut {x,y}. Then each marked 
{x,y}-component of G is isomorphic to a minor of G. 


Proof Let H be an {x,y}-component of G, with marker edge e, and let «Py be 
a path in another {x,y}-component of G. Then H U P is a subgraph of G. But 
HU P is isomorphic to a subdivision of G+ e, so G+ is isomorphic to a minor 
of G. 


Lemma 10.34 Let G be a graph with a 2-vertex cut {x,y}. Then G is planar if 
and only if each of its marked {x,y}-components is planar. 


Proof Suppose, first, that G is planar. By Lemma 10.33, each marked {x, y}- 
component of G is isomorphic to a minor of G, hence is planar by Proposition 10.31. 

Conversely, suppose that G has k marked {x, y}-components each of which is 
planar. Let e denote their common marker edge. Applying Exercise 10.4.1 and 
induction on k, it follows that G+ e is planar, hence so is G. 


In view of Lemmas 10.33 and 10.34, it suffices to prove Wagner’s Theorem for 3- 
connected graphs. It remains, therefore, to show that every 3-connected nonplanar 
graph has either a K’5-minor or a /¢3,3-minor. We present an elegant proof of this 
statement. It is due to Thomassen (1981), and is based on his Theorem 9.10. 


Theorem 10.35 Every 3-connected nonplanar graph has a Kuratowski minor. 


Proof Let G bea 3-connected nonplanar graph. We may assume that G is simple. 
Because all graphs on four or fewer vertices are planar, we have n > 5. We proceed 
by induction on n. By Theorem 9.10, G contains an edge e = xy such that H := 
G/e is 3-connected. If H is nonplanar, it has a Kuratowski minor, by induction. 
Since every minor of H is also a minor of G, we deduce that G too has a Kuratowski 
minor. So we may assume that H is planar. 

Consider a plane embedding H of H. Denote by z the vertex of H formed 
by contracting e. Because H is loopless and 3-connected, by Corollary 10.8 the 
neighbours of z lie on a cycle C, the boundary of some face f of H — z. Denote by 
B, and B,, respectively, the bridges of C' in G \ e that contain the vertices x and 
y. 

Suppose, first, that B, and B, avoid each other. In this case, B, and B, can 
be embedded in the face f of H—zinsucha way that the vertices x and y belong 
to the same face of the resulting plane graph (H — z) UB, UB, (see Figure 10.20). 
The edge xy can now be drawn in that face so as to obtain a planar embedding of 
G itself, contradicting the hypothesis that G is nonplanar. 

It follows that B, and B, do not avoid each other, that is, they overlap. By 
Theorem 10.25, they are therefore either skew or else equivalent 3-bridges. In 
the former case, G has a K3,3-minor; in the latter case, G has a Ks5-minor (see 
Figure 10.21). 


We note that the same proof serves to show that every simple 3-connected 
planar graph admits a convex embedding, that is, a planar embedding all of whose 
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Fig. 10.21. (a) A K3,3-minor (B, and B, skew), (b) a Ks5-minor (B, and By, equivalent 
3-bridges) 


faces are bounded by convex polygons. All that is needed is a bit more care in 
placing the bridges B, and B,, and the edge e = zy, in the face f (Exercise 
10.5.5). 

There are several other interesting characterizations of planar graphs, all of 
which can be deduced from Kuratowski’s Theorem (see Exercises 10.5.7, 10.5.8, 
and 10.5.9). 


RECOGNIZING PLANAR GRAPHS 


There are many practical situations in which it is important to decide whether a 
given graph is planar, and if so, to find a planar embedding of the graph. In the 
layout of printed circuits, for example, one is interested in knowing if a particular 
electrical network is planar. 

It is easy to deduce from Lemma 10.34 that a graph is planar if and only 
if each of its 3-connected components is planar. Thus the problem of deciding 
whether a given graph is planar can be solved by considering each 3-connected 
component separately. The proof of Wagner’s Theorem presented above can be 
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transformed without difficulty into a polynomial-time algorithm for determining 
whether a given 3-connected graph is planar. The idea is as follows. 

First, the input graph is contracted, one edge at a time, to a complete graph 
on four vertices (perhaps with loops and multiple edges) in such a way that all 
intermediate graphs are 3-connected. This contraction phase can be executed in 
polynomial time by proceeding as indicated in the proof of Theorem 9.10. The 
resulting four-vertex graph is then embedded in the plane. The contracted edges 
are now expanded one by one (in reverse order). At each stage of this expansion 
phase, one of two eventualities may arise: either the edge can be expanded while 
preserving planarity, and the algorithm proceeds to the next contracted edge, or 
else two bridges are found which overlap, yielding a Kuratowski minor. In the 
second eventuality, the algorithm outputs one of these nonplanar minors, thereby 
certifying that the input graph is nonplanar. If, on the other hand, all contracted 
edges are expanded without encountering overlapping bridges, the algorithm out- 
puts a planar embedding of G. 


Algorithm 10.36 PLANARITY RECOGNITION AND EMBEDDING 


INPUT: a 3-connected graph G on four or more vertices 
OUTPUT: a Kuratowski minor of G or a planar embedding of G 
1: seti:=0 and Go :=G 
CONTRACTION PHASE: 
2: while i < n—4 do 
3: find a link e; := xy; of G; such that G;/e; is 3-connected 
4: set Gig, = Gi /e; 
5 replace i byi+1 
6: end while 
EXPANSION PHASE: 7 
find a planar embedding Gy—4 of the four-vertex graph Gy 
seti:=n—4 
: while i > 0 do 7 
10: let C; be the facial cycle of Gj — 2; that_includes all the neighbours of 2; 
in G;, where z; denotes the vertex of G; resulting from the contraction 
of the edge ej-1 of Gi_-1 
11: let B; and B!, respectively, denote the bridges of C; containing the ver- 
tices x;-, and y;-1 in the graph obtained from G;_, by deleting e;_, and 
all other edges linking x;-, and y;-1 
12: if B; and Bi are skew then 


S MOR 


13: find a K3.3-minor K of Gi-4 
U4: return K 
15: endif 


16: if B, and Bi are equivalent 3-bridges then 
17: find a K5-minor K of Gi_-4 

18: return K 

19: endif 

20: if B; and Bi avoid each other then 
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21: extend the planar embedding CG; of G; to a planar embedding cam of 
Gi-1 

22: replace 1 byi—1 

23: endif 


24: end while 
25: return Go 


Each step in the contraction phase and each step in the expansion phase can 
be executed in polynomial time. It follows that the problem of deciding whether a 
graph is planar belongs to P. There is, in fact, a linear-time planarity recognition 
algorithm, due to Hopcroft and Tarjan (1974). There also exist efficient planarity 
algorithms based on the characterization of planarity in terms of the bridge-overlap 
graph given in Exercise 10.5.7; for details, see Bondy and Murty (1976). 


Exercises 


10.5.1 Show that a simple graph has a K3-minor if and only if it contains a cycle. 
10.5.2 Show that the (3 x 3)-grid has a K4-minor. 


*10.5.3 


a) Let F' be a graph with maximum degree at most three. Show that a graph has 
an F-minor if and only if it contains an F-subdivision. 
b) Show that any graph which has a AK’s-minor contains a Kuratowski subdivision. 


10.5.4 Consider the two 3-connected graphs shown in Figure 10.22. In each case, 
the contraction of the edge 12 results in a graph that is 3-connected and planar. 
Obtain a planar embedding of this resulting graph, and apply the Planarity Recog- 
nition and Embedding Algorithm (10.36) to either obtain a planar embedding of 
the given graph or else find a Kuratowski minor of the graph. 


ee 


10.5.5 Prove that every simple 3-connected planar graph admits a convex planar 
embedding. 


10.5.6 Let G be a simple graph. A straight-line embedding of G is an embedding 
of G in the plane in which each edge is a straight-line segment. The rectilinear 
crossing number of G, denoted by t(G) is the minimum number of crossings in a 
straight-line embedding of G. 


a) Show that: 
i) er(G) < @(G), 
ii) if er(G) = 1, then @&(G) = 1. 
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Gi G2 


Fig. 10.22. Apply Algorithm 10.36 to these graphs (Exercise 10.5.4) 


(Bienstock and Dean (1993) have shown that cr(G) = t7(G) if G is simple 
and cr(G) < 3. They have also given examples of graphs G with cr(G) = 4 < 
cr(G).) 

b) Show that @F(Kinn) < |m/2)|(m — 1)/2||n/2] | (m — 1)/2]. 
(It was conjectured by P. Turan that this bound is best possible.) 


10.5.7 Using Kuratowski’s Theorem (10.30), show that a graph is planar if and 
only if the bridge-overlap graph of each cycle is bipartite. (W.T. TUTTE) 


10.5.8 A basis of the cycle space of a graph is a 2-basis if each member of the 
basis is a cycle of the graph, and each edge of the graph lies in at most two of 
these cycles. 


a) Show that: 
i) the cycle space of any planar graph has a 2-basis, 
ii) the cycle spaces of Ks and K3.3 do not have 2-bases. 
b) A theorem due to MacLane (1937) states that a graph is planar if and only if 
its cycle space has a 2-basis. Deduce MacLane’s Theorem from Kuratowski’s 
Theorem (10.30). 


10.5.9 A graph 4 is called an algebraic dual of a graph G if there is a bijection 
o: E(G) > E(#) such that a subset C of E(G) is a cycle of G if and only if ¢(C) 
is a bond of H. 


a) Show that: 
i) every planar graph has an algebraic dual, 
ii) As and K3.3 do not have algebraic duals. 
b) A theorem due to Whitney (1932c) states that a graph is planar if and only 
if it has an algebraic dual. Deduce Whitney’s Theorem from Kuratowski’s 
Theorem (10.30). 


10.5.10 k-SuM 
Let G; and G2 be two graphs whose intersection G, M G2 is a complete graph on 
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k vertices. The graph obtained from their union G; U G2 by deleting the edges of 
G1 Go» is called the k-sum of Gy and Go. 


a) Show that if G; and G2 are planar and k = 0,1, or 2, then the k-sum of G, 
and G2 is also planar. 
b) Express the nonplanar graph K3,3 as a 3-sum of two planar graphs. 


10.5.11 SERIES-PARALLEL GRAPH 

A series extension of a graph is the subdivision of a link of the graph; a parallel 
extension is the addition of a new link joining two adjacent vertices. A series- 
parallel graph is one that can be obtained from K2 by a sequence of series and 
parallel extensions. 


a) Show that a series-parallel graph has no K4-minor. 

b) By applying Exercise 10.1.5, deduce that a graph has no A4-minor if and only 
if it can be obtained from Ky, the loop graph L, (a loop incident with a single 
vertex), and the family of series-parallel graphs, by means of 0-sums, 1-sums, 
and 2-sums. (G.A. Dirac) 


10.5.12 Show that a graph is outerplanar if and only if it has neither a K4-minor 
nor a J¢9 3-minor. 


10.5.13 EXCLUDED K3 3-MINOR 
Show that: 


a) every 3-connected nonplanar graph on six or more vertices has a /‘3,3-minor, 
b) any graph with no K3,3-minor can be obtained from the family of planar graphs 
and Ks by means of 0-sums, 1-sums, and 2-sums. (D.W. HALL; K. WAGNER) 


10.5.14 EXCLUDED K5-MINOR 
Show that: 


a) the Wagner graph, depicted in Figure 10.23, has no Ks5-minor, 

b) if G; and G2 are two graphs, each of which is either a planar graph or the 
Wagner graph, then no 0-sum, l-sum, 2-sum, or 3-sum of G; and G2 has a 
K5-minor. 


(Wagner (1936) showed that every 4-connected nonplanar graph has a Ks-minor 
and deduced the converse of (b), namely that any graph with no Ks-minor can 
be obtained from the family of planar graphs and the Wagner graph by means of 
0-sums, 1-sums, 2-sums, and 3-sums.) 


10.6 Surface Embeddings of Graphs 


During the nineteenth century, in their attempts to discover generalizations of 
Euler’s Formula (10.2) and the Four-Colour Conjecture (discussed in the next 
chapter), graph theorists were led to the study of embeddings of graphs on surfaces 


276 10 Planar Graphs 


Fig. 10.23. The Wagner graph 


other than the plane and the sphere. In recent years, embeddings have been used 
to investigate a wide variety of problems in graph theory, and have proved to be 
an essential tool in the study of an important graph-theoretic parameter, the tree- 
width, whose theory was developed in an extensive series of papers by N. Robertson 
and P. D. Seymour (see Sections 9.8 and 10.7). The books by Bonnington and 
Little (1995), Fréchet and Fan (2003), Gross and Tucker (1987), and Mohar and 
Thomassen (2001) have excellent accounts of the theory of embeddings of graphs 
on surfaces. We present here a brief account of some of the basic notions and results 
of the subject, without proofs, and without making any attempt to be rigorous. 


ORIENTABLE AND NONORIENTABLE SURFACES 


A surface is a connected 2-dimensional manifold. Apart from the plane and the 
sphere, examples of surfaces include the cylinder, the Mobius band, and the torus. 
The cylinder may be obtained by gluing together two opposite sides of a rectangle, 
the Mobius band by gluing together two opposite sides of a rectangle after making 
one half-twist, and the torus by gluing together the two open ends of a cylinder. 
The Mobius band and the torus are depicted in Figure 10.24. (Drawings from 
Crossley (2005), courtesy Martin Crossley.) 

There are two basic types of surface: those which are orientable and those 
which are nonorientable. To motivate the distinction between these two types, 
let us consider the Mobius band. First note that, unlike what the physical model 
suggests, the Mobius band has no ‘thickness’. Moreover, unlike the cylinder, it is 
‘one-sided’. Now consider a line running along the middle of a Mobius band, and 
imagine an ant crawling on the surface along it. After one complete revolution, 
the ant would return to where it started from. However, it would have the curious 
experience of finding its ‘left’ and ‘right’ reversed; those points of the surface 
which were to the left of the ant at the beginning would now be to its right: 
it is not possible to ‘globally’ distinguish left from right on the Mobius band. 
Surfaces which have this property are said to be nonorientable; all other surfaces 
are orientable. The plane, the cylinder, the sphere, and the torus are examples of 
orientable surfaces. 
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(a) (0) 


Fig. 10.24. (a) The Mobius band, and (b) the torus 


A surface is closed if it is bounded but has no boundary. The Mobius band has 
a boundary which is homeomorphic (that is, continuously deformable) to a circle 
and, hence, is not a closed surface. The plane is clearly not bounded, hence is 
not a closed surface either. The simplest closed surface is the sphere. Other closed 
surfaces are sometimes referred to as higher surfaces. Starting with the sphere, all 
higher surfaces can be constructed by means of two operations. 

Let S' be a sphere, let D, and D2 be two disjoint discs of equal radius on 
S, and let H be a cylinder of the same radius as D, and D2. The operation of 
adding a handle to S at D, and Dz consists of cutting out D; and Dz from S$ 
and then bending and attaching H to S in such a way that the rim of one of the 
ends of H coincides with the boundary of D,; and the rim of the other end of 
coincides with the boundary of D2. Any number of disjoint handles may be added 
to S by selecting disjoint pairs of discs on S and adding a handle at each of those 
pairs of discs. A sphere with k handles is the surface obtained from a sphere by 
adding k handles; it is denoted by S;, and the index k is its genus. The torus is 
homeomorphic to a sphere with one handle, S;. More generally, every orientable 
surface is homeomorphic to a sphere with k handles for some k > 0. 

As mentioned above (see also Section 3.5), given any rectangle ABCD, one 
may obtain a torus by identifying the side AB with the side DC and the side AD 
with the side BC’. More generally, any orientable surface may be constructed from 
a suitable polygon by identifying its sides in a specified manner. For example, 
the surface S2, also known as the double torus, may be obtained by a suitable 
identification of the sides of an octagon (see Exercise 10.6.2). 

We now turn to nonorientable surfaces. Let S be a sphere, let D be a disc on S, 
and let B be a Mobius band whose boundary has the same length as the circumfer- 
ence of D. The operation of adding a cross-cap to S at D consists of attaching B to 
S so that the boundaries of D and B coincide. Equivalently, this operation consists 
of ‘sewing’ or ‘identifying’ every point on the boundary of D to the point of D that 
is antipodal to it. Just as with handles, we may attach any number of cross-caps 
to a sphere. The surface obtained from the sphere by attaching one cross-cap is 
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known as the projective plane and is the simplest nonorientable surface. A sphere 
with k cross-caps is denoted by Nx, the index k being its cross-cap number. Every 
closed nonorientable surface is homeomorphic to Nz, for some k > 1. 

As with orientable closed surfaces, all nonorientable closed surfaces may be 
represented by polygons, along with indications as to how their sides are to be 
identified (although it is not possible to obtain physical models of these surfaces 
in this way). The projective plane, for example, may be represented by a rectangle 
ABCD in which the side AB is identified with the side CD (so that A coincides 
with C and B with D) and the side AD is identified with the side CB. Equivalently, 
the projective plane may be represented by a disc in which every point on the 
boundary is identified with its antipodal point. 

An important theorem of the topology of surfaces, known as the classification 
theorem for surfaces, states that every closed surface is homeomorphic to either 
S; or Nx, for a suitable value of k. One may, of course, obtain surfaces by adding 
both handles and cross-caps to spheres. However, one does not produce any new 
surfaces in this way. It turns out that the surface obtained from the sphere by 
adding k > 0 handles and ¢ > 0 cross-caps is homeomorphic to Noz+¢. 

In Chapter 3, we presented embeddings of K7 and the Petersen graph on the 
torus (see Figure 3.9). Embeddings of A’g and the Petersen graph on the projective 
plane are shown in Figure 10.25. 


Fig. 10.25. Embeddings on the projective plane of (a) Aé, and (b) the Petersen graph 


Polygonal representations of surfaces are convenient for displaying embeddings 
of graphs on surfaces of low genus or cross-cap number. However, for more compli- 
cated surfaces, such representations are unwieldy. Convenient algebraic and com- 
binatorial schemes exist for describing embeddings on arbitrary surfaces. 


THE EULER CHARACTERISTIC 


An embedding G ofa graph G on a surface »’ is a cellular embedding if each of 
the arcwise-connected regions of ¥’ \ G is homeomorphic to the open disc. These 
regions are the faces of G, and their number is denoted by f(G). 
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Consider, for example, the two embeddings of K4 on the torus shown in Fig- 
ure 10.26. The first embedding is cellular: it has two faces, bounded by the closed 
walks 12341 and 124134231, respectively. The second embedding is not cellular, 
because one of its faces is homeomorphic to a cylinder, bounded by the cycles 1231 
and 1431. 


Fig. 10.26. Two embeddings of Ky on the torus: (a) a cellular embedding, and (b) a 
noncellular embedding 


Most theorems of interest about embeddings are valid only for cellular em- 
beddings. For this reason, all the embeddings that we discuss are assumed to be 
cellular. 

The Euler characteristic of a surface X’, denoted c(2’), is defined by: 


(3) := 2—2k if X’ is homeomorphic to S;, 
c ~ | 2-—k if XS is homeomorphic to Nz, 


Thus the Euler characteristics of the sphere, the projective plane, and the torus 
are 2, 1, and 0, respectively. The following theorem is a generalization of Euler’s 
Formula (10.2) for graphs embedded on surfaces. 


Theorem 10.37 Let G be an embedding of a connected graph G on a surface ’. 
Then: 


v(G) — e(G) + f(G) = (2) 


The following easy corollaries of Theorem 10.37 generalize Corollaries 10.20 
and 10.21 to higher surfaces (Exercise 10.6.3). 


Corollary 10.38 All embeddings of a connected graph on a given surface have the 
same number of faces. 


Corollary 10.39 Let G be a simple connected graph that is embeddable on a sur- 
face ©’. Then 


m < 3(n—c(Z)) 
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Fig. 10.27. Dual embeddings of Ke and the Petersen graph on the projective plane 


Using Euler’s Formula for the sphere, we were able to show that Ks and K3.3 
are not planar. Similarly, by using Corollary 10.39, one can show that for any 
surface there are graphs that are not embeddable on that surface. For example, 
K7 is not embeddable on the projective plane and Kg is not embeddable on the 
torus (Exercise 10.6.4). On the other hand, Kg is embeddable on the projective 
plane (see Figure 10.25a), as is K7 on the torus (see Figure 3.9a). 

Duals of graphs embedded on surfaces may be defined in the same way as 
duals of plane graphs. It can be seen from Figure 10.27 that the dual of the 
embedding of Kg shown in Figure 10.25a is the Petersen graph, embedded as 
shown in Figure 10.25b. Likewise, the dual of the embedding of K7 shown in 
Figure 3.9a is the Heawood graph (Exercise 10.6.1). 

We proved in Section 9.2 that all faces of a loopless 2-connected plane graph 
are bounded by cycles. The analogous statement for loopless 2-connected graphs 
embedded on other surfaces is not true, as can be seen from the embeddings of K4 
on the torus shown in Figure 10.26. An embedding G of a graph G on a surface 5’ 
is a circular embedding if all the faces of G are bounded by cycles. 

The following conjecture is due to Jaeger (1988). It refines at the same time 
the Circular Embedding Conjecture (3.10) and the Oriented Cycle Double Cover 
Conjecture (3.12). 


THE ORIENTABLE EMBEDDING CONJECTURE 


Conjecture 10.40 Every loopless 2-connected graph has a circular embedding 
on some orientable surface. 
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Exercises 


10.6.1 Show that the dual of the embedding of K7 shown in Figure 3.9a is the 
Heawood graph (depicted in Figure 1.16). 


10.6.2 Show that the surface obtained by identifying the identically labelled edges 
of the octagon shown in Figure 10.28 along the directions indicated is the double 


oN 
Ve 


Fig. 10.28. A representation of the double torus 


*10.6.3 Prove Corollaries 10.38 and 10.39. 


10.6.4 Show that: 


a) K7 is not embeddable on the projective plane, 
b) Ag is not embeddable on the torus. 


ee 


10.6.5 The (orientable) genus y(G) of a graph G is the minimum value of k such 
that G is embeddable in S;. (Thus the genus of a planar graph is zero and the 
genus of a nonplanar graph that is embeddable in the torus is one.) 


a) Show that ¥(Kinn) > (m— 2)(n — 2)/4. 
b) By finding an embedding of K44 on the torus, deduce that y(A‘4,4) = 1. 


(G. Ringel has shown that 7(Km.n) = [(m—2)(n—2)/4] for all m,n; see Hartsfield 
and Ringel (1994).) 


10.6.6 Show that y(K,,) > (n — 3)(n — 4)/12. 

(A major result in the theory of graph embeddings, due to G. Ringel and J.W.T. 
Youngs, and known as the Map Colour Theorem, states that y(K,) = [(n—3)(n— 
4)/12] for all n; see Ringel (1974).) 
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10.7 Related Reading 


GRAPH MINORS 


In a long and impressive series of papers entitled Graph Minors, N. Robertson and 
P. D. Seymour proved a conjecture of K. Wagner which states that any infinite 
sequence G'|,G,... of (finite) graphs includes two graphs G; and G,, with i < j, 
such that G; is a minor of G;. In doing so, they introduced and employed a wealth 
of new concepts and ways of viewing graphical structure that are destined to play 
a major role in future developments of graph theory (see Robertson and Seymour 
(2004)). 

A class G of graphs is minor-closed if every minor of a member of G is also 
a member of G. For example, the class of all planar graphs is minor-closed and, 
more generally, the class of all graphs embeddable in any fixed surface such as the 
projective plane or the torus is minor-closed. A graph G which does not belong to 
G, but all of whose proper minors do, is said to be minor-minimal with respect to 
G. For instance, by virtue of Theorem 10.32, the minor-minimal nonplanar graphs 
are K33 and Ks. A straightforward consequence of the theorem of Robertson and 
Seymour mentioned above is that if G is any minor-closed family of graphs, then 
the number of minor-minimal graphs with respect to G is finite. Thus every minor- 
closed family of graphs affords an ‘excluded-minor’ characterization of Kuratowski-— 
Wagner type. 
Apart from the proof of Wagner’s conjecture, the Graph Minors series in- 
cludes many other remarkable results. Using the theorem of Wagner stated in 
Exercise 10.5.14 as a prototype, Robertson and Seymour gave a characterization 
of the graphs which have no K,,-minor. They also described a polynomial-time 
algorithm for deciding whether a graph has a given graph H as a minor. 


LINKAGES 


Topological considerations play a significant role in graph theory, even with regard 
to certain graph-theoretical questions which seemingly have no connection with 
embeddings. An important and attractive example is the Linkage Problem. Let G 
be a graph, and let X := (x1, %2,...,%%) and Y := (yi, y2,---, YR) be two ordered 
subsets of V. An XY -linkage in G is a set of k disjoint paths 2; P;y;, 1 <i < k. Such 
a set is also called a k-linkage. The Linkage Problem is the problem of deciding 
whether there exists an XY-linkage for given sets X and Y. Note that this is 
not quite the same as the Disjoint Paths Problem discussed in Chapter 9; the 
existence of k disjoint XY-paths does not guarantee the existence of an XY- 
linkage. For example, in the graph of Figure 9.6, there are two disjoint paths 
connecting {21,72} and {y1, y2}, but no pair of disjoint x1y;- and x2y2-paths. 
Seymour (1980), Shiloach (1980), and Thomassen (1980) proved a theorem which 
essentially characterizes the graphs which have a 2-linkage, for given pairs (21, x2) 
and (yi, y2). They showed that a 4-connected graph has such a 2-linkage unless the 
graph is planar and the vertices x1, x2, yi, and yz appear on the boundary of some 
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face in that cyclic order (as in Figure 9.6). One of the important byproducts of the 
theory of graph minors is a polynomial-time algorithm for the k-linkage problem 
for any fixed value of k; see Robertson and Seymour (1995). In stark contrast, the 
k-linkage problem for directed graphs is NP-hard, even for k = 2; see Fortune 
et al. (1980). 


BRAMBLES 


By definition, a graph has a complete minor of order k if and only if it contains 
k mutually disjoint connected subgraphs, any two of which are linked by at least 
one edge. Weakening these requirements a little, we obtain a structure called a 
bramble. This is a set of connected subgraphs (the elements of the bramble) any 
two of which either intersect or are linked by at least one edge. Figure 10.29 shows 
two brambles in K2,3, 


Fig. 10.29. Two brambles in K2,3: (a) one of order two, and (b) one of order three 


A transversal of a bramble is a set of vertices which meets every element of 
the bramble. For instance, {x,y} is a transversal of the bramble in Figure 10.29a, 
and {u,v,w} is a transversal of the one in Figure 10.29b. The order of a bramble 
is the minimum cardinality of a transversal. It can be seen that the brambles in 
Figure 10.29 are of orders two and three, respectively. The maximum order of a 
bramble in a graph is its bramble number. The graph Ka 3 has bramble number 
three. The bramble of six elements in the (3 x 3)-grid shown in Figure 10.30 is of 
order four. 

Brambles and tree-decompositions are dual structures in the following sense. 
Let B bea bramble of a graph G, and let (T,{T, : v € V}) bea tree-decomposition 
of G of minimum width. Consider an element B of B. Because B is connected, 
Tp := U{T, : v € V(B)} is a subtree of T. Furthermore, because any two bramble 
elements either meet or are adjacent, {Tg : B € B} is a pairwise intersecting family 
of subtrees of T. By the Helly Property (Exercise 4.1.20), these trees therefore 
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Fig. 10.30. A bramble of order four in the (3 x 3)-grid 


have a vertex x in common. The corresponding subset V, of V (in the notation of 
Section 9.8) is thus a transversal of B. This shows that the order of B is at most 
|V,,|, which in turn is no greater than the tree-width of G. Because this is true for 
any bramble B, we conclude that the bramble number is bounded above by the 
tree-width. Observe that, in both K23 and the (3 x 3)-grid, these two parameters 
take exactly the same value. Seymour and Thomas (1993) showed that this is 
always so. 


Theorem 10.41 TREE-WIDTH-BRAMBLE DUALITY THEOREM 
The tree-width of any graph is equal to its bramble number. 


For a beautiful, unified proof of this and other related duality theorems, we refer 
the reader to the article by Amini et al. (2007). 


MATROIDS AND DUALITY 


Let G be a plane graph, and let G* be its dual. We have seen that the cycles of G 
correspond to the bonds of G*, and conversely (Theorem 10.16). Thus, the cycle 
matroid of G is the bond matroid of G* and the bond matroid of G is the cycle 
matroid of G*. 

Nonisomorphic graphs on the same edge set may have the same cycle matroid 
(the duals of the graphs in Figure 10.11, for instance). However, it follows from 
the work of Whitney (1932b) that simple 3-connected graphs with the same cycle 
matroid are isomorphic (see Welsh (1976) or Oxley (1992)). 


MATROID MINORS 


An element e of a matroid M is a loop if it is contained in no basis of M and a 
coloop if it is contained in every basis. When e is neither a loop nor a coloop, let 
B \ e denote the set of bases of M not containing e and let B/e denote the set 
of restrictions to E \ {e} of the bases of M containing e. When e is either a loop 
or a coloop, let B \ e and B/e both denote the set of restrictions of the bases of 
M to E \ {e}. One may then verify that (E \ {e},6 \ e) and (E \ {e},B/e) are 
matroids. The former is said to be obtained from M by the deletion of e and is 
denoted by M \ e. The latter is said to be obtained from M by the contraction 
of e and is denoted by M /e. These two operations are related via duality in the 
same manner as they are in the case of graphs (see Propositions 10.12 and 10.13): 
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(M \e)* = M*/e, and (M/e)* = M*\e 


A matroid which may be obtained from another matroid M by a sequence of 
deletions and contractions is said to be a minor of M. There is a vast literature 
dealing with excluded-minor characterizations of various types of matroids; see, 
for example, Oxley (1992). 
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11.1 Colourings of Planar Maps 


In many areas of mathematics, attempts to find solutions to challenging unsolved 
problems have led to the advancement of ideas and techniques. In the case of 
graph theory, it was a seemingly innocuous map-colouring problem that provided 
the motivation for many of the developments during its first one hundred years. 
In a letter written to William Rowan Hamilton in 1852, Augustus De Morgan 
communicated the following Four-Colour Problem, posed by Francis Guthrie. 


A student of mine [Frederick Guthrie, brother of Francis] asked me today 
to give him a reason for a fact which I did not know was a fact — and do 
not yet. He says that if a figure be anyhow divided and the compartments 
differently coloured so that figures with any portion of common boundary 
line are differently coloured — four colours may be wanted, but not more - 
the following is the case in which four colours are wanted. Query cannot a 
necessity for five or more be invented ... 


This problem, because of its beguilingly simple statement, attracted the atten- 
tion of many prominent mathematicians of the time. They came to believe that it 
was indeed possible to colour any map in four colours, and this surmise became 
known as the Four-Colour Conjecture. In the subsequent decades, several attempts 
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were made to settle the conjecture, and some erroneous proofs were published. (For 
a history of the Four-Colour Problem, see Wilson (2002) or Biggs et al. (1986).) 


FACE COLOURINGS 


In order to translate the Four-Colour Problem into the language of graph theory, 
we need the notion of a face colouring of a plane graph. A k-face colouring of a 
plane graph is an assignment of k colours to its faces. The colouring is proper if no 
two adjacent faces are assigned the same colour. A plane graph is k-face-colourable 
if it has a proper k-face colouring. Figure 11.la shows a proper 4-face-colouring 
of the triangular prism. Because every map may be regarded as a plane graph 
without cut edges, the Four-Colour Conjecture is equivalent to the statement: 


Conjecture 11.1 THE FoUR-COLOUR CONJECTURE (FACE VERSION) 
Every plane graph without cut edges is 4-face-colourable. 


Over a century passed before the Four-Colour Conjecture was eventually veri- 
fied, in 1977, by Appel and Haken (1977b). 


Theorem 11.2 THE FOUR-COLOUR THEOREM 
Every plane graph without cut edges is 4-face-colourable. 


More recently, a somewhat simpler (but still complicated) proof of this theorem, 
based on the same general approach, was obtained by Robertson et al. (1997a). 

One of the remarkable features of the Four-Colour Conjecture is that it has 
many equivalent formulations, some with no apparent connection to face colourings 
(see Section 11.3). We describe here two of these reformulations, one which is 
straightforward, in terms of vertex colourings, and one which is less so, in terms of 
edge colourings. They have motivated the study of several fundamental questions, 
to be discussed in subsequent chapters. 


VERTEX COLOURINGS 


A k-vertex-colouring of a graph, or simply a k-colouring, is an assignment of k 
colours to its vertices. The colouring is proper if no two adjacent vertices are 
assigned the same colour. A graph is k-colourable if it has a proper k-colouring. 
Because adjacent pairs of vertices of a plane graph correspond to adjacent pairs 
of faces of its dual, the Four-Colour Problem is equivalent to the statement that 
every loopless plane graph is 4-colourable. The 4-face-colouring of the triangular 
prism shown in Figure 11.1a gives rise in this way to the 4-vertex-colouring of its 
dual shown in Figure 11.1b. 

The advantage of this reformulation in terms of vertex colourings is that one 
may now restate the problem without reference to any particular embedding: 


Conjecture 11.3. THE FoUR-COLOUR CONJECTURE (VERTEX VERSION) 
Every loopless planar graph is 4-colourable. 
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Fig. 11.1. (a) A 4-face-colouring of the triangular prism, (b) a 4-vertex-colouring of its 
dual 


In order to show that all loopless planar graphs are 4-colourable, it clearly 
suffices to show that all simple connected planar graphs are 4-colourable. In fact, 
it is not hard to reduce the Four-Colour Conjecture to simple 3-connected maximal 
planar graphs (Exercise 11.2.1). By Corollary 10.21, a planar embedding of such 
a graph is a 3-connected triangulation. Therefore the Four-Colour Conjecture is 
equivalent to the assertion that every 3-connected triangulation is 4-colourable, 
and, by duality, to the assertion that every 3-connected cubic plane graph is 4- 
face-colourable. 


EDGE COLOURINGS: TAIT’S THEOREM 


We are now in a position to relate face colourings and edge colourings of plane 
graphs. A k-edge-colouring of a graph is an assignment of k colours to its edges. 
The colouring is proper if no two adjacent edges are assigned the same colour. A 
graph is k-edge-colourable if it has a proper k-edge-colouring. Tait (1880) found a 
surprising relationship between face colourings and edge colourings of 3-connected 
cubic plane graphs. 


Theorem 11.4 TaitT’s THEOREM 
A 3-connected cubic plane graph is 4-face-colourable if and only if it is 3-edge- 
colourable. 


Proof Let G be a 3-connected cubic plane graph. First, suppose that that G 
has a proper 4-face-colouring. It is of course immaterial which symbols are used 
as the ‘colours’. For mathematical convenience, we denote them by the vectors 
ao = (0,0), ay = (1,0), a2 = (0,1), and ag = (1,1) in Ze x Zo. We now obtain 
a 3-edge-colouring of G by assigning to each edge the sum of the colours of the 
two faces it separates; note that, because G has no cut edges, each edge separates 
two distinct faces, so no edge is assigned colour ag under this scheme. If a;, a,;, 
and a, are the colours assigned to the three faces incident to a vertex v, then 
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a; + aj, a, +ax, and a; +a, are the colours assigned to the three edges incident 
with v (see Figure 11.2). These colours are all different. Thus we have a proper 
3-edge-colouring of G (in colours a1, a2, 43). 


Fig. 11.2. The 3-edge-colouring of a cubic plane graph induced by a 4-face-colouring 


Conversely, suppose that G has a proper 3-edge-colouring, in colours 1, 2,3. 
Denote by FE; the set of edges of G of colour i, 1 < i < 3. The subgraph G/E;] 
induced by £; is thus a spanning 1-regular subgraph of G. Set Gj; := G[E; U E;], 
1 <i <j < 3. Then each Gj; is a spanning 2-regular subgraph of G, and is 
therefore 2-face-colourable (Exercise 11.2.2). Also, each face of G is the intersection 
of a face of G2 and a face of G23 (see Figure 11.3). 

Consider 2-face-colourings of Gj2 and G3, each using the colours 0 and 1 
(unshaded and shaded, respectively, in Figure 11.3b). We can now obtain a 4-face- 
colouring of G (in the colours ao,a1,2,a3 defined above) by assigning to each 
face f the ordered pair of colours assigned respectively to the faces of Gig and G23 


whose intersection is f. Because G = Gj2 U G93, this is a proper 4-face-colouring 
of G. 


By virtue of Tait’s Theorem (11.4), the Four-Colour Conjecture can be refor- 
mulated in terms of edge colourings as follows. 


Conjecture 11.5 THE FoUR-COLOUR CONJECTURE (EDGE VERSION) 
Every 3-connected cubic planar graph is 3-edge-colourable. 


Recall that a spanning cycle in a graph is referred to as a Hamilton cycle. 
A graph which contains such a cycle is said to be hamiltonian. If a cubic graph 
contains a Hamilton cycle, the edges of that cycle may be coloured alternately in 
two colours, and the remaining edges, which are mutually nonadjacent, may all be 
assigned a third colour. Thus every hamiltonian cubic graph is 3-edge-colourable. 

Now, if every 3-connected cubic planar graph could be shown to be hamiltonian, 
the edge-colouring version of the Four-Colour Conjecture would be established. 
Taking this ‘fact’ to be self-evident, Tait (1880) convinced himself (and others) that 
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(0) 


Fig. 11.3. (a) A 3-edge-colouring of the cube, (b) 2-face-colourings of the spanning 
subgraphs G2 and G3, (c) the induced 4-face-colouring of the cube 


he had proved the Four-Colour Conjecture. It took over half a century to invalidate 
Tait’s ‘proof’, when Tutte (1946) constructed a nonhamiltonian 3-connected cubic 
planar graph. Tutte’s construction is described in Chapter 18. 


11.2 The Five-Colour Theorem 


P. G. Tait was not the only mathematician of his time to come up with a false 
proof of the Four-Colour Conjecture. Kempe (1879), too, published a paper which 
was believed to contain a proof of the conjecture. This time it was Heawood (1890) 
who discovered a serious flaw in Kempe’s proof. Fortunately, all was not lost, for 
Heawood showed that Kempe’s approach could be used to prove that all planar 
graphs are 5-colourable. Here is Heawood’s proof, in essence. 


Theorem 11.6 THE FIVE COLOUR THEOREM 
Every loopless planar graph is 5-colourable. 


Proof By induction on the number of vertices. As observed in our earlier discus- 
sion, it suffices to prove the theorem for 3-connected triangulations. So let G be 
such a triangulation. By Corollary 10.22, G has a vertex v of degree at most five. 
Consider the plane graph H := G— v. 

By induction, H has a proper 5-colouring. If, in this colouring of H, one of 
the five colours is assigned to no neighbour of v, we may assign it to v, thereby 
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extending the proper 5-colouring of H to a proper 5-colouring of G. We may 
assume, therefore, that the five neighbours of v together receive all five colours. 
To fix notation, let C := v1v2v34U5v1 be the facial cycle of H whose vertices 
are the neighbours of v in G, where v; receives colour i, 1 < i < 5. We may 
suppose that the vertex v of G lies in int(C), so that all the bridges of C' in H 
are outer bridges. If there is no bridge of C in H containing both v; and vs, then 
by swapping the colours of the vertices coloured 1 and 3 in all the bridges of C 
containing v,, we obtain a proper 5-colouring of H in which no vertex of C' has 
colour 1. This colour may now be assigned to v, resulting in a proper 5-colouring 
of G. Thus we may assume that there is a bridge B,; of C in H having v; and v3 as 
vertices of attachment. Likewise, there is a bridge Bj of C in H having v2 and v4 
as vertices of attachment. But now the bridges B; and Bg overlap, contradicting 
Theorem 10.26. 


There exist several proofs of the Five-Colour Theorem (11.6). One of these is 
outlined in Exercise 11.2.6, and another, based on the notion of list colouring, is 
given in Chapter 14. Colouring a planar graph with just four colours, rather than 
five, is quite a different story, even though Kempe’s idea of interchanging colours 
turns out to be an important ingredient. The main ideas involved in the proof of 
the Four-Colour Theorem are presented in Chapter 15. 


Exercises 


*11.2.1 Show that the Four-Colour Conjecture is true provided that it is true for 
all simple 3-connected maximal planar graphs. 


*11.2.2 Show that every even plane graph is 2-face-colourable. 


11.2.3 Show that a plane graph is 4-face-colourable if and only if it is the union 
of two even subgraphs. 


11.2.4 Show that a graph is 4-vertex-colourable if and only if it is the union of 
two bipartite subgraphs. 


11.2.5 


a) Let G be a graph with a Hamilton bond. Show that G is 4-vertex-colourable. 
b) By applying Exercise 10.2.10c, deduce that every plane hamiltonian graph is 
4-face-colourable. 


11.2.6 Prove the Five-Colour Theorem (11.6) by induction on n, proceeding as 
follows. 


i) Define G, v, H, and C as in the proof of Theorem 11.6. Show that the subgraph 
HA[{v1, V2, V3, U4, U5}] is not complete. 

ii) Let v; and v; be nonadjacent vertices of C’. In H, identify v; and v;, so as to 
obtain a graph H’. Show that H’ is planar. 
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iii) Consider (by induction) a proper 5-colouring of H’. Deduce that G is 5- 
colourable. 


11.2.7 A mazimal outerplanar graph is a simple graph which is outerplanar (de- 
fined in Exercise 10.2.11) and edge-maximal with respect to this property. Let G 
be a maximal outerplanar graph with n > 3. Show that: 


a) G has a planar embedding whose outer face is a Hamilton cycle, all other faces 
being triangles, 

b) G has a vertex v of degree two and G — v is maximal outerplanar, 

c) m = 2n - 3, 

d) G is 3-vertex-colourable. 


ee 


11.2.8 The walls of an art gallery form a polygon with n sides. It is desired to 
place staff at strategic points so that together they are able to survey the entire 
gallery. 


a) Show that |n/3| guards always suffice. 
b) For each n > 3, construct a gallery which requires this number of guards. 
(V. CHVATAL) 


*11.2.9 HEAWOOD’S THEOREM 
Show that: 


a) a plane triangulation is 3-vertex-colourable if and only if it is even, 
(P.J. HEAWOoD) 
b) a plane graph is 3-vertex-colourable if and only if it it is a subgraph of an even 
plane triangulation. (M. KROL) 


11.3 Related Reading 


EQUIVALENT FORMS OF THE FOUR-COLOUR PROBLEM 


One of the reasons that the Four-Colour Problem has played and continues to play 
a central role in graph theory is its connection with a wide variety of interesting 
problems. Surprisingly, some of these questions seem to have nothing at all to do 
with colouring. For instance, as we show in Chapter 21, the Four-Colour Theorem 
is equivalent to the statement that every 2-edge-connected planar graph may be 
expressed as the union of two even subgraphs. Still more surprisingly, a number of 
other questions from other areas of mathematics have been shown to be equivalent 
to the Four-Colour Problem. For example, consider an expression of the form 
Vy X V2 X +++ X Ve, Where vj, V2,...,Vx% are arbitrary vectors in R® and x denotes 
the cross product. Because this operation is not associative, the terms of the given 
expression need to be bracketed appropriately for the expression to be well-defined. 
Suppose, now, that two different bracketings of vj x vo x --- X vz are given. 
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Kauffman (1990) considered the problem of deciding whether it is possible to 
assign unit vectors e;,e2,e3 to V1, V2,-.., Vx so that the two bracketings result in 
the same nonzero value for the expression. He showed that this problem can be 
reduced to one of 3-edge-colouring an associated cubic planar graph, and hence 
is equivalent to the Four-Colour Problem. An even more astonishing connection 
was discovered by Y. Matiyasevich, who established the existence of a diophantine 
equation involving thousands of variables, the solvability of which amounts to the 
validity of the Four-Colour Theorem (see Thomas (1998) ). Further examples can be 
found in Thomas (1998) and Saaty (1972). Chapters 15 and 21 contain discussions 
of generalizations of the Four-Colour Problem. 
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12.1 Stable Sets 


STABILITY AND CLIQUE NUMBERS 


Throughout this chapter, we restrict our attention to simple graphs. 

Recall that a stable set in a graph is a set of vertices no two of which are 
adjacent. (Stable sets are also commonly known as independent sets.) A stable set 
in a graph is maximum if the graph contains no larger stable set and maximal if the 
set cannot be extended to a larger stable set; a maximum stable set is necessarily 
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maximal, but not conversely. The cardinality of a maximum stable set in a graph G 
is called the stability number of G and is denoted by a(G). Maximal and maximum 
stable sets in the Petersen graph are shown in Figure 12.1. 


(a) (b) 


Fig. 12.1. (a) A maximal stable set, and (b) a maximum stable set 


Recall, also, that an edge covering of a graph is a set of edges which together 
meet all vertices of the graph. Analogously, a covering of a graph is a set of vertices 
which together meet all edges of the graph. The minimum number of vertices in a 
covering of a graph G is called the covering number of G and is denoted by ((G). 
The light vertices in the graphs of Figure 12.1 are examples of coverings. Indeed, 
stable sets and coverings are related in a very simple way: a set S' is a stable set 
of a graph G if and only if V \ S is a covering of G (Exercise 12.1.2). We therefore 
have the identity, first observed by Gallai (1959): 


a(G) + B(G) = o(G) (12.1) 


Stable sets and cliques are likewise related in a very simple manner. Recall that 
a clique of a graph is a set of mutually adjacent vertices, and that the maximum 
size of a clique of a graph G, the clique number of G, is denoted w(G). Clearly, a 
set of vertices S is a clique of a simple graph G if and only if it is a stable set of 
the complement G. In particular, 


w(G) = a(G) 


Thus any assertion about stable sets can be restated in terms of cliques or 
coverings. We noted in Chapter 8 that the problem of finding a maximum clique 
in a graph is NP-hard. It follows that the problem of finding a maximum stable 
set is also NP-hard, as is that of finding a minimum covering. On the other hand, 
in the case of bipartite graphs, we saw in Chapter 8 that maximum stable sets can 
be found in polynomial time using linear programming techniques. 


SHANNON CAPACITY 


A number of real-world problems involve finding maximum stable sets of graphs. 
The following example, due to Shannon (1956), is one such. 
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Example 12.1 TRANSMITTING MESSAGES OVER A NOISY CHANNEL 

A transmitter over a communication channel is capable of sending signals belonging 
to a certain finite set (or alphabet) A. Some pairs of these signals are so similar 
to each other that they might be confounded by the receiver because of possible 
distortion during transmission. Given a positive integer k, what is the greatest 
number of sequences of signals (or words) of length k that can be transmitted with 
no possibility of confusion at the receiving end? 


To translate this problem into graph theory, we need the concept of the strong 
product of two graphs G and H. This is the graph G& H whose vertex set is 
V(G) x V(#), vertices (u, 2) and (v,y) being adjacent if and only if uv € E(G) 
and «= y, or w= v and ay € E(#), or wv € E(G) and ay € E(#). 

Let G denote the graph with vertex set A in which two vertices u and v are 
adjacent if they represent signals that might be confused with each other, and let 
G* be the strong product of k copies of G. Thus G* is the graph whose vertices 
are the words of length k over A where two distinct words (u1,u2,...,Ux) and 
(U1, V2,-..., Uz) are joined by an edge if either uj = v; or ujv; € E(G), 1 <i<k. 
Equivalently, two distinct words are adjacent in G* if there is a possibility that 
one of them might be mistaken for the other by the receiver. It follows that the 
required maximum number of words of length & is simply the stability number of 
G*., For example, if A = {0, 1, 2,3, 4} and each signal i may be confused with either 
i—1lori+1 (mod 5), then G= Cs. A drawing of G? = C? on the torus, together 
with a stable set of order five indicated by solid dots, is shown in Figure 12.2b; note 
that, because the graph is drawn on the torus, the four corner vertices represent 
one and the same vertex, (0,0). This shows that a(G?) > 5. One may in fact verify 
that a(G?) = 5 (Exercise 12.1.8). Thus, in this case, a maximum of five words of 
length two, for instance 00,12, 24,31,43, may be transmitted with no possibility 
of confusion by the receiver. 


Fig. 12.2. (a) Cs, (b) a stable set of five vertices in C? 
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Motivated by his seminal work on information theory, Shannon (1956) proposed 

the parameter 
O(G) := jim ‘/a(G) 

now commonly known as the Shannon capacity of G, as a measure of the capacity 
for error-free transmission over a noisy channel whose associated graph is G. (It 
can be shown that this limit exists and is equal to sup, */a(G*), see Berge (1985).) 
Because a*(G) < a(G*) for any k (Exercise 12.1.7b), it follows that a(G) < 0(G). 
Shannon (1956) (see, also, Rosenfeld (1967)) showed that the parameter a**(G) 
defined in Exercise 8.6.5 is an upper bound for O(G). Therefore, for any graph G, 


a(G) < @(G) < a*(G) (12.2) 


If G is a graph in which a is equal to the minimum number of cliques covering 
all the vertices, then a = a** and hence O(G) = a(G) by (12.2). This is the case 
when G is bipartite (by the Kénig-Rado Theorem (8.30)), when G is chordal (by 
Exercise 9.7.5) and, more generally, for a class of graphs known as perfect graphs. 
A brief discussion of the properties of this important class of graphs is presented 
in Chapter 14. The smallest graph for which both the inequalities in (12.2) are 
strict is the 5-cycle. By employing ingenious algebraic techniques, Lovadsz (1979) 
showed that O(Cs) = V5 (see Exercise 12.1.14). 


KERNELS 


A stable set in a digraph is a stable set in its underlying graph, that is, a set of 
pairwise nonadjacent vertices. If S is a maximal stable set in a graph G, then 
every vertex of G—S is adjacent to some vertex of S. In the case of digraphs, it 
is natural to replace the notion of adjacency by the directed notion of dominance. 
This results in the concept of a kernel. 

A kernel in a digraph D is a stable set S of D such that each vertex of D — 
S dominates some vertex of S. The solid vertices in the digraph of Figure 12.3 
constitute a kernel of the digraph. 


Fig. 12.3. A kernel in a digraph 
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Kernels arise naturally in the analysis of certain two-person positional games 
such as Hex (see Berge (1977) or Browne (2000)). Consider the digraph D whose 
vertices are the positions in the game, one position dominating another if the latter 
can be reached from the former in one move. Suppose that D has a kernel S$ and 
that, according to the rules of play, the last player able to move wins the game. 
Then a player who starts at a position in V \ S can guarantee himself a win or a 
draw by always moving to a position in S, from which his opponent is obliged to 
move to a position in V \ S (if, indeed, he is able to move). Other applications of 
kernels can be found in the book by Berge (1985). 

Many digraphs fail to have kernels. Directed odd cycles are the simplest ex- 
amples. Indeed, Richardson (1953) proved that a digraph which has no kernel 
necessarily contains a directed odd cycle. 


Theorem 12.2 RICHARDSON’S THEOREM 
Let D be a digraph which contains no directed odd cycle. Then D has a kernel. 


Proof By induction on n. If D is strong, then D is bipartite (Exercise 3.4.11b) 
and each class of the bipartition is a kernel of D. If D is not strong, let D, be a 
minimal strong component of D (one that dominates no other strong component; 
see Exercise 3.4.6), and set V; := V(D,). By the induction hypothesis, D; has a 
kernel, S;. Let V2 be the set of vertices of D that dominate vertices of S;, and set 
Dz := D—(Vi UV2). Again by induction, Dz has a kernel Sj. The set $1 U $3 is 
then a kernel of D. 


Richardson’s Theorem implies that every acyclic digraph has a kernel; in fact, 
acyclic digraphs have unique kernels (Exercise 12.1.10b). However, as we have seen, 
not every digraph has a kernel. For this reason, the less stringent notion of a semi- 
kernel was proposed by Chvatal and Lovasz (1974). A semi-kernel in a digraph D 
is a stable set S which is reachable from every vertex of D — S by a directed path 
of length one or two. Chvatal and Lovasz (1974) showed that every digraph has a 
semi-kernel (see Exercise 12.1.11). 

We encounter kernels again in Chapter 14, where they play a key role in the 
solution of certain colouring problems. 


Exercises 


12.1.1 THE EIGHT QUEENS PROBLEM 

Is it possible to place eight queens on a chessboard so that no one queen can take 
another? Express this as a problem of finding a maximum stable set in a graph 
associated with the chess board, and find a solution. 


*12.1.2 Show that a set S' is a stable set of a graph G if and only if V \ S isa 
covering of G. 


12.1.3 Show that a graph G is bipartite if and only if a(H) > 4v(H) for every 
induced subgraph H of G. 
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12.1.4 Show that a graph G is bipartite if and only if a(H) = ('(#) for every 
subgraph H of G without isolated vertices, where 3’(H) is the minimum number 
of edges in an edge covering of H (see Section 8.6). 


12.1.5 Show that a(KGinn) > ("—})- 


m—1 


(Erdés et al. (1961) proved that this bound is sharp; see Exercise 13.2.17.) 
12.1.6 Show that the strong product is associative. 


12.1.7 


a) For any two graphs G and H, show that a(G& H) > a(G)a(#). 
b) Deduce that a(G*) > a*(G). 


12.1.8 Show that a(C; &@ Cs) =5. 


ee 


12.1.9 Let G be a connected cubic graph on 4k vertices. By applying Exer- 
cise 2.4.7a, show that G has a stable set S of k vertices such that each component 
of G — S is unicyclic. (N. ALon) 


*12.1.10 


a) Show that any digraph which has at least two kernels contains a directed even 
cycle. 
b) Deduce that every acyclic digraph has a unique kernel. 


12.1.11 Let D be a digraph. Consider an arbitrary total order < of V. Let D’ 
and D” be the spanning acyclic subgraphs of D induced by {(a,y) : a ~ y} and 
{(x,y): y ~ x}, respectively. Let S’ be the kernel of D’. Show that the kernel of 


D"|S"| is a semi-kernel of D. (S. THOMASSE) 
12.1.12 
a) The tensor product of vectors x = (#1,%2,...,@%m) and y = (y1,y2,---,Yn) is 
the vector 
XOY = (@1Y1, L1Yo2, +--+, L1Yn, LaY1, C2Y2,- + +5 LAYny +++) LmY1, LmY2;-++;LmYn) 


For vectors x,a € R™ and y,b € R”, show that the scalar and tensor products 
are linked by the following rule: 


(xo y)(acb)! = (xa’)(yb’) 


b) An orthonormal representation of a graph G = (V,£) in the euclidean space 
R¢ is a mapping v +> x, from V into R@ such that: 
> X, is a unit vector, for allu EV, 
> X, and x, are orthogonal whenever wu ¢ E. 
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i) Show that every graph has an orthonormal representation in some space 
R¢. 

ii) Let G and H be two graphs, and let u +> x,, u € V(G), and v & yu, 
v € V(H), be orthonormal representations of G and H, respectively, in 
R?. Show that (u,v) Xu Yv, (u,v) € V(G) x V(A), is an orthonormal 
representation of GX H in R®. 


12.1.13 Let G = (V, FE) be a graph, and let v + x,, v € V, be an orthonormal 
representation of G in R¢. For any stable set 9 of G and any unit vector y in R%, 


show that 
Sx) s1 
ves 


12.1.14 


a) Find an orthonormal representation of the 5-cycle (1,2,3,4,5,1) in R® by five 
unit vectors x1, X2,X3,X4,X5 such that, for 1 <7 <5, the first coordinate of 
x, is 5-17", 

b) Using Exercise 12.1.12, deduce that C¥ has an orthonormal representation in 
R®" in which the first coordinate of each unit vector is 5~*/4, 

c) Taking y as the unit vector e; in R3" and applying Exercise 12.1.13, show that 
a(Or)< 5/7, 

d) Deduce that the Shannon capacity of Cs is equal to V5. (L. LovAsz) 


12.2 Turan’s Theorem 


We have already encountered a number of statements asserting that a simple graph 
with ‘many’ edges (in terms of its number of vertices) must contain a subgraph of 
a certain type. For instance, a simple graph on n vertices contains a cycle if it has 
at least n edges (Exercise 2.1.3) and contains a triangle if it has more than n?/4 
edges (Mantel’s Theorem, Exercise 2.1.17). In this section, we generalize Mantel’s 
Theorem by determining the maximum number of edges that a simple graph on 
n vertices can have without containing a clique of a given size. This theorem, due 
to Turdn (1941), triggered the development of a major branch of graph theory, 
known as extremal graph theory (see, for example, the monograph with this title 
by Bollobas (1978)). 

If F' is a simple graph, we denote by ex(n, F’) the maximum number of edges 
in a graph G on n vertices which does not contain a copy of F. Such a graph G 
is called an extremal graph (for this particular property), and the set of extremal 
graphs is denoted by Ex(n, F’). For instance, ex(n, K3) = |n?/4| and Ex(n, K3) = 
{K\n/2),[n/2i}- 

The proof of Turdn’s Theorem given here is due to Zykov (1949). Recall (see 
Exercise 1.1.11) that the simple complete k-partite graph on n vertices in which 
all parts are as equal in size as possible is called a Turdn graph and denoted Ty». 
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Theorem 12.3 TuRAN’S THEOREM 
Let G be a simple graph which contains no Ky, where k > 2. Then e(G) < 
e(Tk-1,n), with equality if and only if G = Trin. 


Proof By induction on k. The theorem holds trivially for k = 2. Assume that it 
holds for all integers less than k, and let G be a simple graph which contains no 
K;,. Choose a vertex x of degree A in G, and set X := N(x) and Y := V \ X (see 
Figure 12.4 for an illustration.) Then 


e(G) =e(X) + e(X,Y) +e(Y) 


Because G contains no K;,, G[X] contains no K,_1. Therefore, by the induction 
hypothesis, 
e(X) < e(Ty_2,) 


with equality if and only if G[X] = T;,-2,a. Also, because each edge of G incident 
with a vertex of Y belongs to either E[X,Y] or E(Y), 


e(X,Y)+e(Y) < A(n— A) 


with equality if and only if Y is a stable set all members of which have degree A. 
Therefore e(G) < e(H), where H is the graph obtained from a copy of T,_2,4 by 
adding a stable set of n — A vertices and joining each vertex of this set to each 
vertex of Ty 2,4. Observe that H is a complete (k—1)-partite graph on n vertices. 
By Exercise 1.1.11, e(H) < e(T,_1,), with equality if and only if H = T,_1,,. It 
follows that e(G) < e(Th-1,n), with equality if and only if G2 Thin. 


Many different proofs of Turdn’s Theorem have been found (see Aigner (1995)). 
The one given here implies that if G is a graph on n vertices and more than t,_1(n) 
edges, where t,(n) := e(Th.n), and if v is a vertex of maximum degree A in G, 
then the subgraph G[N(v)] induced by the neighbours of G has more than t,—2(A) 
edges. Iterating this procedure, one sees that a clique of size k in G can be found 
by applying a simple greedy algorithm: select a vertex v; of maximum degree in 
G, := G, then a vertex v2 of maximum degree in Gz := G,[N(v1)], then a vertex 
v3 of maximum degree in G3 := G2[N(v2)], and so on. The resulting set of vertices 
{v1, V2, U3,--., Up} is a clique of G (Exercise 12.2.4). 


Fig. 12.4. (a) A graph G with d(x) = A = 5, (b) another drawing of G with the subgraph 
G[X] & Cs highlighted, (c) the graph Cs V K3, (d) the graph H & To,5 V K3 & T3,8 
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AN APPLICATION TO COMBINATORIAL GEOMETRY 


Extremal graph theory has applications to diverse areas of mathematics, including 
combinatorial number theory and combinatorial geometry. We describe here an 
application of Turan’s Theorem to combinatorial geometry. 

The diameter of a set of points in the plane is the maximum distance between 
two points of the set. It should be noted that this is a purely geometric notion and 
is quite unrelated to the graph-theoretic concepts of diameter and distance. 

We discuss sets of diameter one. A set of n points determines (3) distances 
between pairs of these points. It is intuitively clear that if n is ‘large’, some of 
these distances must be ‘small’. Therefore, for any d between 0 and 1, it makes 
sense to ask how many pairs of points in a set {a1,272,...,%} of diameter one can 
be at distance greater than d. Here, we present a solution, by Erdés (1955, 1956), 
of one special case of this problem, namely when d = 1/2. 

As an illustration, consider the case n = 6. We then have six points 7;, 1 < 
i < 6. If we place them at the vertices of a regular hexagon with the pairs (#1, 24), 
(a2,%5), and (23,26) at distance one, as shown in Figure 12.5a, these six points 
clearly constitute a set of diameter one. 

It is easily calculated that the pairs 


(21,22), (@o,@3), (eayaa), (wa, 25), (25, 26), and (we, 21) 
are at distance 1/2, and the pairs 
(4523), (x2, 24), (23,25); (r4, 26), (G58), and (x6, £2) 


are at distance 3/2. Because 3/2 > 2/2 = 1/V2, there are nine pairs of points 
at distance greater than 1/ /2 in this set of diameter one. 


Uy v2 
2 
<p 
2X5 v4 
(a) 


Fig. 12.5. Two sets of diameter one in the plane 


However, nine is not the best we can do with six points. By placing the points 
in the configuration shown in Figure 12.5b, all pairs of points except (x1, 22), 
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(v3,%4), and (25,26) are at distance greater than 1/./2. Thus, we have twelve 
pairs at distance greater than 1/2; in fact, this is the best we can do. The 
solution to the problem in general is given by the following theorem. 


Theorem 12.4 Let S be a set of diameter one in the plane. Then the number of 
pairs of points of S whose distance is greater than 1/2 is at most |n?/3|, where 
n = |S|. Moreover, for each n > 2, there is a set of n points of diameter one in 
which exactly |n?/3| pairs of points are at distance greater than 1/V2. 


Proof Let S := {21,22,...,%}. Consider the graph G with vertex set S and 
edge set {x,x, | d(x;,x;) > 1/V2}, where d(x;,x;) denotes the euclidean distance 
between x; and x;. We show that G cannot contain a copy of K4. 

First, note that any four points in the plane determine an angle of at least 90 
degrees between three of them: the convex hull of the points is a line, a triangle, 
or a quadrilateral (see Figure 12.6), and in each case there is an angle 7;2;%, of 
at least 90 degrees. 


Fig. 12.6. The possible convex hulls of four points in the plane: (a) a line, (b) a triangle, 
(c) a quadrilateral 


Now look at the three points x;,2%;,7, which determine this angle. Not all the 
distances d(a;,a;), d(a;,2%), and d(2;,a,) can be greater than 1/2 and less than 
or equal to 1. For, if d(aj;,a;) > 1/V2 and d(aj,a~) > 1/V2, then d(2;,2,) > 1. 
The set {a1,22,...,2,} is assumed to have diameter one. It follows that, of any 
four points in G, at least one pair cannot be joined by an edge, and hence that G 
cannot contain a copy of K4. By Turdn’s Theorem (12.3), 


e(G) < e(T3,n) = [n*/3] 


This proves the first statement. 

One can construct a set {x1,¥2,...,2%n} of diameter one in which exactly 
|n?/3| pairs of points are at distance greater than 1/2 as follows. Choose r 
such that 0 <r < (1- Za) /4, and draw three circles of radius r whose centres 
are at distance 1 — 2r from one another (see Figure 12.7). Set p := |n/3]. Place 
points 71, %2,...,2p in one circle, points p41, Tp42,-.-,£2p in another, and points 
L2p41,C2p+2,++-,€n in the third, in such a way that d(#,2,) = 1. This set clearly 
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has diameter one. Also, d(x;,x;) > 1/V2 if and only if x; and 2; are in different 
circles, and so there are exactly |n?/3| pairs (x;,2;) for which d(x;,2;) > 1/V2. 


Fig. 12.7. An extremal configuration of diameter one 


Many other applications of extremal graph theory to combinatorial geometry 
and analysis can be found in the articles by Erdds et al. (1971, 1972a,b) and in 
the survey article by Erdés and Purdy (1995). 


Exercises 


12.2.1 A certain bridge club has a special rule to the effect that four members 
may play together only if no two of them have previously partnered each other. At 
one meeting fourteen members, each of whom has previously partnered five others, 
turn up. Three games are played and then proceedings come to a halt because of 
the club rule. Just as the members are preparing to leave, a new member, unknown 
to any one of them, arrives. Show that at least one more game can now be played. 


12.2.2 A flat circular city of radius six miles is patrolled by eighteen police cars, 
which communicate with one another by radio. If the range of a radio is nine 
miles, show that, at any time, there are always at least two cars each of which can 
communicate with at least five others. 


12.2.3 
a) Show that (45+) n? — $k < th(n) < (44) n?. 


Th 
b) Deduce that ty(n) = |(4;+) n?] for all k < 8. 
12.2.4 Let G be a graph on n vertices and more than t,_\(n) edges, where 


te-i(n) := e(Th-1,.n). Show that a clique S of k vertices can be found by the 
following greedy algorithm. 
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: set S:= andi:=1 

: while i < k do 

select a vertex v; of maximum degree in G 

replace S by SU {u;}, G by GIN(v;)] and 7 by i+ 1 

: end while 

: select a vertex vz of maximum degree in G 

: replace S by S'U {vz} 

: return S' (J.A. BonDy) 


ONAT HR wWNR 


12.2.5 A graph G is degree-majorized by a graph H if v(G) = v(#) and the degree 
sequence of G (in nondecreasing order) is majorized termwise by that of H. 


a) Let G be a graph which contains no copy of Ky. Show that G is degree- 
majorized by a complete (& — 1)-partite graph. 
b) Deduce Turdn’s Theorem. (P. ErRpDos) 


12.2.6 TURAN HYPERGRAPH 
Let V be an n-set. A k-uniform hypergraph (V,F) is complete if F = (\), the set 


of all () k-subsets of V. This hypergraph is denoted Ke), 


a) Let {X,Y,Z} be a partition of V into three sets which are as nearly equal in 
size as possible, and let F be the union of {{z,y,z}: «© X,y € Y,z € Z}, 
{{v1,%2,y} : a1 © Xia. © X,y EY}, {{y1, y2,z} 41 © Yiye € Y,2 € ZI, 
and {{21, 22,u} : 21 € Z,2. © Za € X}. The 3-uniform hypergraph (V, F) 
is called the Turdn hypergraph on n vertices. Verify that this hypergraph does 
not contain K, i), 

b) Let {X,Y} be a partition of V into two sets which are as nearly equal in size 
as possible, and let F be the set of all 3-subsets of V which intersect both X 
and Y. Verify that the hypergraph (V,F) does not contain , 


(Turan (1941) conjectured that these hypergraphs are extremal configurations for 
the two respective extremal problems.) 


12.2.7 


a) Let G be a simple nonbipartite graph with m > }(n — 1)? + 1. Show that G 
contains a triangle. 
b) For all odd n > 5, find a simple triangle-free nonbipartite graph G with 


m = 4(n—1)? + 1. (P.ERDOs) 


12.2.8 Denote by t(G) the total number of triangles of G, and by t(e) the number 
of triangles of G containing a given edge e. 


a) Let G be a simple graph on n vertices, and let e = zy € E. Show that 
d(x) + d(y) <n+t(e). 

b) By summing this inequality over all e € E, deduce that t(G) > m(4m — n?)/3n. 

(J.W. Moon AND L. MOSER) 
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c) Deduce that if k > 3 and m > 4(1— t)n?, then t(G) > (4) (n/k)°. 
(A.W. GOODMAN) 
d) For k > 3 and n=0 (mod k), construct a graph G with m = $(1— 7)n? and 


t(G) = (%)(n/k)*. 


(Compare with Exercise 2.1.17.) 


12.2.9 
a) Show that if m > |n?/4] +1, then t(G) > |n/2], where t(G) is the number of 
triangles of G. (H. RADEMACHER) 


b) For each n > 3, construct a graph G with m = |n?/4| + 1 and t(G) = [n/2]. 


12.2.10 Let G be a simple graph with average degree d, and let k be a positive 
integer. 
a) Show that if yey (¢ > > (k—1)(5), then G contains a copy of Kx. 
b) Deduce that if d > (k—1)1/?n!/244, then G contains a copy of K»,;,. (Compare 
with Exercise 2.1.15, which treats the case k = 2.) 
c) Let S be a set of n points in the plane. By applying (b), show that the number 
of pairs of points of S at distance exactly one is at most gan?! 24 in. 


12.2.11 THE K6vARI-S6s—TURAN THEOREM 
Let G be a simple graph with average degree d, and let k and @ be positive integers. 


a) Show that if Dy (4 @) > > (€—1)(Z), then G contains a copy of Kx¢ 


a 
b) Using the identity (,”,) + (7) = ("{'), show that if p and q are integers such 
) 


(i 
that p > q, then (?) + (2) > (?;") + (*7'). 
c) Deduce from (b) that S cy (“ 0) >n(;), where r := |dJ. 
d) Using the bounds (7) < n*/k! and (7) > (r —k + 1)*/k!, deduce that if 
d> (€—1)/'n1-1/* + &, then G contains a copy of Kx. 
(T. KovArRI, V.T. Sds, AND P. TuRAN) 


12.2.12 POLARITY GRAPH 

A polarity of a geometric configuration (P, £) is an involution 7 of PUL, mapping 
points to lines and lines to points, which preserves incidence. Thus a point p and 
line L are incident if and only if the line 7(p) and the point (LZ) are incident. The 
line z(p) is called the polar of the point p, and the point 7(L) the pole of the line 
L. The polarity graph of the configuration with respect to a polarity 7 is the graph 
G, whose vertex set is P, two vertices being joined if and only if one lies on the 
polar of the other. 


a) Find a polarity 7 of the Fano plane and draw its polarity graph G,. 

b) Find a polarity 7 of the Desargues configuration whose polarity graph G, is 
isomorphic to the Petersen graph. (A.B. KEMPE) 

c) Show that a polarity graph of a finite projective plane has diameter two. 

d) How many vertices does a polarity graph of a finite projective plane of order 
n have, and what are their degrees? 
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(Polarity graphs were first described by Artzy (1956), who called them reduced 
Levi graphs. They were rediscovered by Erdés and Rényi (1962).) 


12.2.13 Let 7 be the bijection of points and lines of the projective plane PG2,q 
(defined in Exercise 1.3.14) which maps each point (a, b,c) to the line aw+by+cz = 
0. Prove that 7 is a polarity of PG2,q. 


12.2.14 An absolute point of a polarity is a point which lies on its polar. 


a) Show that the polarity 7 defined in Exercise 12.2.13 has q+ 1 absolute points. 
(Baer (1946) proved that every polarity of a finite projective plane of order n 
has at least n + 1 absolute points.) 

b) Deduce that the polarity graph of a finite projective plane PG2,, has q+ q+1 
vertices, sa(q +1)? edges and no 4-cycles. 

(W.G. Brown; P. Erpés, A. RENYI, AND V.T. S6s) 
(Fiiredi (1996) proved that, when q is a prime power, g > 13, polarity graphs 
with q? +q-+1 vertices are extremal graphs without 4-cycles.) 


12.2.15 Let H be a simple graph which contains no 3-cube. By Exercise 2.2.2a, 
H has a spanning bipartite subgraph G with e(G) > $e(H). For distinct vertices 
x and y of G, denote by p(z,y) the number of xy-paths of length three in G, and 


set X := N(x) and Y := N(y). 


a) Show that: 
iif X NY #9, then p(z, y) = 0, 
ii) if X NY = @, then the subgraph B[X,Y] whose vertex set is X UY and 
whose edge set is {uv € E(G): u € X,v € Y} contains no 6-cycle. 
b) Deduce that p(x, y) < e1(d(x)+d(y))4/° for all 2, y € V, where c; is a suitable 
positive constant. 
c) Using the inequality 


n n Y 
Sat ant (Soa 
i=l i=1 
valid for positive real numbers a;, 1 <i<n, and y > 1, deduce that G has at 
most c2n?d*/3 paths of length three, where c2 is a suitable positive constant 
and d is the average degree of G. 
d) By appealing to Exercise 13.2.6, conclude that m < cn®/° for some positive 


constant c. (R. PINCHASI AND M. SHARIR) 


12.3 Ramsey’s Theorem 


RAMSEY NUMBERS AND RAMSEY GRAPHS 


Because cliques are complements of stable sets, if a graph has no large cliques, one 
might expect it to have a large stable set. That this is indeed the case was first 
proved by Ramsey (1930). He showed that, given any positive integers k& and @, 
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there exists a smallest integer r(k, 2) such that every graph on r(k, @) vertices con- 
tains either a clique of & vertices or a stable set of @ vertices. By complementarity, 
r(k,¢) = r(£,k) (Exercise 12.3.1). Also, it is easily seen that: 


r(1, 4) = r(k, 1) =1 (12.3) 


and 
r(2,0) = @, r(k,2)=k (12.4) 


The numbers r(k, @) are known as the Ramsey numbers; when k = ¢, they are 
called diagonal Ramsey numbers. The following theorem on Ramsey numbers is 
due to Erdés and Szekeres (1935) and Greenwood and Gleason (1955). 


Theorem 12.5 For any two integers k > 2 and > 2, 
r(k,l) < r(k,€-—1) +r(k-1,2) (12.5) 


Furthermore, if r(k,@—1) and r(k — 1,2) are both even, strict inequality holds 
in (12.5). 


Proof Let G be a graph on r(k,é—1)+7r(k — 1,2) vertices, and let v € V. We 
distinguish two cases: 


1. Vertex v is nonadjacent to a set S of at least r(k,@— 1) vertices. 
2. Vertex v is adjacent to a set T of at least r(k — 1, 2) vertices. 


Note that either case 1 or case 2 must hold because the number of vertices to 
which v is nonadjacent plus the number of vertices to which v is adjacent is equal 
tor(kyf—1)-¢(h= 12) =1. 

In case 1, G[S] contains either a clique of k vertices or a stable set of ¢— 1 
vertices, and therefore G[S'U {v}] contains either a clique of k vertices or a stable 
set of @ vertices. Similarly, in case 2, G[[U{v}] contains either a clique of k vertices 
or a stable set of @ vertices. Because either case 1 or case 2 must hold, it follows 
that G contains either a clique of k vertices or a stable set of @ vertices. This proves 
(12.5). 

Now suppose that r(k,@—1) and r(k—1, £) are both even, and let G be a graph 
on r(k,é—1)+r(k — 1,2) — 1 vertices. Because G has an odd number of vertices, 
it follows from Corollary 1.2 that some vertex v is of even degree; in particular, v 
cannot be adjacent to precisely r(k — 1, ) — 1 vertices. Consequently, either case 
1 or case 2 above holds, and G therefore contains either a clique of k vertices or a 
stable set of @ vertices. Thus, as asserted, 


r(k, 0) <r(k,€-1)+r(k-1, 0-1 


The determination of the Ramsey numbers in general is a very difficult unsolved 
problem. Lower bounds can be obtained by the construction of suitable graphs. 
Consider, for example, the four graphs in Figure 12.8. 
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Fig. 12.8. (a) A (3,3)-Ramsey graph, (b) a (3,4)-Ramsey graph, (c) a (3,5)-Ramsey 
graph, (d) a (4,4)-Ramsey graph 


The 5-cycle (Figure 12.8a) contains no clique of three vertices and no stable 
set of three vertices. It shows, therefore, that 
r(3,3) >6 (12.6) 


The graph of Figure 12.8b is the Wagner graph (see Section 10.5). It contains no 
clique of three vertices and no stable set of four vertices. Hence 


r(3,4) >9 (12.7) 
Similarly, the graph of Figure 12.8c shows that 

r(3,5) 2 14 (12.8) 
and the graph of Figure 12.8d yields 

r(4,4) > 18 (12.9) 


With the aid of Theorem 12.5 and equations (12.4) we can now show that 
equality in fact holds in (12.6)—(12.9). Firstly, by (12.5) and (12.4), 
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r(3,3) < r(3,2) + r(2,3) =6 (12.10) 


and therefore, using (12.6), we have r(3,3) = 6. Noting that r(3,3) and r(2,4) are 
both even, we apply Theorem 12.5 and (12.4) to obtain 


r(3,4) < r(3,3) + r(2,4) -1=9 
With (12.7) this gives r(3,4) = 9. Now we again apply (12.5) and (12.4) to obtain 
r(3,5) < r(3,4) + r(2,5) =14 


and 


r(4,4) < r(4,3) + r(3, 4) = 18 


which, together with (12.8) and (12.9), respectively, yield r(3,5) = 14 and r(4, 4) = 
18. 

The following table shows all the Ramsey numbers r(k, 2) known to date, where 
3B<k< 2. 


3344 
€ 2456789465 
r(k, 016 9 14 18 23 28 36 18 25 


A (k, £)-Ramsey graph is a graph on r(k, 2) — 1 vertices that contains neither a 
clique of k vertices nor a stable set of vertices. By definition of r(k, 0), such graphs 
exist for all k > 2 and @ > 2. Ramsey graphs often seem to possess interesting 
structures. All of the graphs in Figure 12.8 are Ramsey graphs; the last two can be 
obtained from finite fields in the following way. We get the (3,5)-Ramsey graph by 
regarding the thirteen vertices as elements of the field of integers modulo 13, and 
joining two vertices by an edge if their difference is a cubic residue of 13 (namely, 
1,5,8, or 12); the (4,4)-Ramsey graph is obtained by regarding the vertices as ele- 
ments of the field of integers modulo 17, and joining two vertices if their difference 
is a quadratic residue of 17 (namely, 1,2,4,8,9,13,15, or 16). For k = 2,3, and 
4, the (k,k)-Ramsey graphs are selfcomplementary (that is, isomorphic to their 
complements) (Exercise 12.3.2). Whether this is true for all values of & is an open 
question. 


BOUNDS ON RAMSEY NUMBERS 
Theorem 12.5 yields the following upper bound for the Ramsey numbers. 


Theorem 12.6 For all positive integers k and £, 


oe) 


nis (ME 
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Proof By induction on k + ¢. Using (12.3) and (12.4), we see that the theorem 
holds when & + € < 5. Let m and n be positive integers, and assume that the 
theorem is valid for all positive integers & and @ such that 5< k+0<m-+n. 
Then, by Theorem 12.5 and the induction hypothesis, 


r(m,n) < r(m,n—1)+r(m-— 1,n) 
e m+tn—3 4 mt+tn—-3 _ mt+tn—2 
= m-—-1 m—2 m-1 


Thus the theorem holds for all values of & and &. 


On noting that dering is the number of (k — 1)-subsets of a (k + ¢ — 2)-set, 
whereas 2*+/—? is the total number of subsets of this set, we have 


Corollary 12.7 For all positive integers k and ¢, r(k,0) < 2**+*-?, with equality 
if and only ifk =@=1. 


Corollary 12.7 shows, in particular, that the diagonal Ramsey numbers grow at 
most exponentially. We now give an exponential lower bound for these numbers. 
Due to Erdés (1947), it is obtained by means of a powerful counting technique 
known as the probabilistic method. This technique, introduced and developed by 
Erdos in collaboration with other Hungarian mathematicians, including P. Turan, 
has been applied to remarkable effect in combinatorics, number theory, and com- 
puter science, as well as in graph theory. A more formal and detailed account of 
the method is given in Chapter 13. 


Theorem 12.8 For all positive integers k, 
r(k, k) > 2*/? 


Proof Because r(1,1) = 1 and r(2,2) = 2, we may assume that k > 3. As in Sec- 
tion 1.2, we denote by G,, the set of simple graphs with vertex set {v1,v2,..., Un}. 
Let G* be the set of these labelled simple graphs which have a clique of k vertices. 
Observe that 

IGr| = 22) (12.11) 


since each subset of the (4) possible edges v;v; determines a graph in G,,. Similarly, 


the number of graphs in G, having a particular set of k vertices as a clique is 
n k 
2(2)-(2). Because there are (7) distinct k-element subsets of {v1,v2,...,Un}, we 


have ' 
IGRI < (;,)20-@ (12.12) 


(The inequality arises because the graphs in G* which have more than one k-clique 
are counted more than once by the expression on the right-hand side.) 
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By (12.11) and (12.12) 


o] 


Gh 6 m3) nk2-(2) 
2° \2 —— 
Gal Mk)” S 


Suppose that n < 2*/?. Then 


iGk| 2a) ak 
Gn a a 


In other words, if n < 2*/?, then fewer than half of the graphs in G,, contain 
a clique of k& vertices. Likewise, by complementarity, fewer than half of the graphs 
in G,, contain a stable set of k vertices. Hence some graph in G, contains neither 
a clique of k vertices nor a stable set of k vertices. Because this holds for any 
n < 2*/? we have r(k,k) > gee: 


Corollary 12.7 tells us that there exists a (k,k)-Ramsey graph of order less 
than 2?*-?, However, it does not show us how to find or construct such a graph. 
All known lower bounds for r(k,k) obtained by constructive arguments are much 
weaker than the one given by Theorem 12.8. The best is due to Frankl and Wilson 
(1981); their construction is described in Section 12.5. 

The Ramsey numbers r(k, @) are sometimes defined in a slightly different man- 
ner from the way in which we introduced them. One easily sees that r(k,@) can 
be thought of as the smallest integer n such that every (not necessarily proper) 
2-edge-colouring (£1, F2) of K,, contains either a complete subgraph on k vertices, 
all of whose edges are assigned colour 1, or a complete subgraph on ¢ vertices, all 
of whose edges are assigned colour 2. 

Expressed in this form, the Ramsey numbers have a natural generalization. For 
positive integers t;, 1 <i <k, we define r(t),t2,...,t,) to be the smallest integer 
n such that every k-edge-colouring (F), Eo,...,£,) of K, contains a complete 
subgraph on ¢; vertices all of whose edges belong to E;, for some i, 1 <i <k. 

The following theorem and corollary generalize inequality (12.5) and Theo- 
rem 12.6, and can be proved in a similar manner (Exercise 12.3.3). 


Theorem 12.9 For all positive integers t;, 1 <i<k, 


bis toy0-0ebh) Shy = 1p ery te) Tv Piste = lysanytg) P29 
ar r(ti,to,...,th -1) -k+2 


Corollary 12.10 For all positive integers t;, 1<i<k, 


(t) tte +---+ tx)! 
tyltg!... ty! 


rit; +1,te+1,...,t,+1) < 
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AN APPLICATION TO NUMBER THEORY 


We now describe an interesting application of Ramsey’s theorem to combinatorial 
number theory. 

Consider the partition ({1,4, 10,13}, {2,3, 11,12}, {5,6,7,8,9}) of the set of 
integers {1,2,...,13}. Observe that in no subset of the partition are there three 
integers x, y, and z (not necessarily distinct) which satisfy the equation 


et+y=2z (12.13) 


Yet, no matter how we partition {1,2,...,14} into three subsets, there will al- 
ways exist a subset of the partition which contains a solution to (12.13) (Exer- 
cise 12.3.8a). Schur (1916) proved that, in general, given any positive integer n, 
there exists an integer r,, such that, for any partition of {1,2,...,7,} into n sub- 
sets, one of the subsets contains a solution to (12.13). We show that the Ramsey 
number ry, := 7(t1,t2,...,tn), where t; = 3, 1<i<n, satisfies this requirement. 


Theorem 12.11 SCHUR’S THEOREM 

Let {Aj, Ao,..., An} be a partition of the set of integers {1,2,...,17n} into n sub- 
sets. Then some A; contains three integers x, y, and z satisfying the equation 
rc+y=z. 


Proof Consider the complete graph whose vertex set is {1,2,..., rn}. Colour the 
edges of this graph in colours 1,2,...,n by the rule that the edge wv is assigned 
colour i if |}u—v| € A;. By Ramsey’s Theorem (12.9), there exists a monochromatic 
triangle in the graph; that is, there are three vertices a, b, and c such that the edges 
ab, bc, and ac all have the same colour j. Assume, without loss of generality, that 
a >b> cand write x =a—b, y=b—c, and z=a-—c. Then a, y,z € Aj, and 
GT+y=z. 


Let s, be the least integer such that, in any partition of {1,2,...,s,} into n 
subsets, there is a subset which contains a solution to (12.13). It can be checked 
that s; = 1, sg = 5, and s3 = 14 (Exercise 12.3.8a). Also, from Theorem 12.11 
and Exercise 12.3.4 we have the upper bound 


Syn <|nte}+1 


A lower bound for s,, is the topic of Exercise 12.3.8. 


Exercises 
*12.3.1 Show that, for all & and J, r(k,@) = r(é,k). 
12.3.2 Show that the (4, 4)-Ramsey graph (Figure 12.8d) is self-complementary. 


12.3.3 Prove Theorem 12.9 and Corollary 12.10. 
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12.3.4 


a) Show that rz < n(rn—1 — 1) +2. 
b) Noting that rg = 6, use (a) to show that r, < |n!le| +1. 
c) Deduce that r3 < 17. 


12.3.5 CLEBSCH GRAPH 


a) The Clebsch graph has as vertex set the even subsets of {1, 2,3, 4,5}, two being 
adjacent if their symmetric difference has cardinality four. A drawing of the 
Clebsch graph is shown in Figure 12.9. Find an appropriate labelling of its 
vertices. 


Fig. 12.9. The Clebsch graph 


b) Show that the Clebsch graph is vertex-transitive and triangle-free, and that 
the non-neighbours of any vertex induce a copy of the Petersen graph. 

c) Consider two further graphs defined on the same set of vertices as the Cleb- 
sch graph. In the first, two vertices are adjacent if their symmetric difference 
belongs to the set {12,23,34,45,51} (where we write ij for {i,7}); in the 
second, two vertices are adjacent if their symmetric difference belongs to the 
set {13, 24,35, 41,52}. Show that both of these graphs are isomorphic to the 
Clebsch graph. 

d) Using the bound given in Exercise 12.3.4c, deduce that r3 = 17. 

(R.E. GREENWOOD AND A.M. GLEASON) 


12.3.6 Let G = K3 V Cs, the join of K3 and Cs. Show that: 


a) G contains no copy of Ke, 
b) every 2-edge colouring of G contains a monochromatic triangle. 
(R.L. GRAHAM) 


(Folkman (1970) has constructed a (huge) graph which contains no copy of K4, 
but every 2-edge colouring of which contains a monochromatic triangle; more gen- 
erally, NeSetiil and Rédl (1975) have constructed, for every positive integer k, 
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a graph containing no copy of Ky, every k-edge colouring of which contains a 
monochromatic triangle.) 


12.3.7 Let G),Go,...,G, be simple graphs. The generalized Ramsey number 
r(G1,Go,...,G) is the smallest integer n such that every k-edge-colouring 
(Fy, Eo,...,E,) of Ky, contains, for some 7, a subgraph isomorphic to G; in colour 
i. Let P3 denote the 3-path, Cy the 4-cycle, and T;,, any tree on m vertices. Show 
that: 


a) r(P3,.P3) = 5, r(P3,C4) = 5, and r(C4, C4) = 6, 
b) r(TIm, Kin) <m+n-—1, with equality ifn —1=0(mod(m-— 1)), 
c) r(Im, Kn) = (m—1)(n—1) +1. (V. CHVATAL) 
12.3.8 
a) Show that: 
i) 5; = 2, s2 = 5, and s3 = 14, 
ii) 8,41 > 3s, —1 for all n. 
b) Deduce that s, > $(3" + 1) for all n. 
(Abbott and Moser (1966) determined a sharper lower bound on s,,.) 


ee 


12.3.9 COMPOSITION 
The composition, or lexicographic product, of simple graphs G and H is the simple 
graph G[H] with vertex set V(G) x V(#) in which (u,v) is adjacent to (u’,v’) 
if and only if either wu’ € E(G) or wu = wv’ and vv’ € E(A). (This amounts to 
replacing each vertex of G by a copy of H, and linking these copies by complete 
bipartite graphs according to the edges of G.) 

a) Show that a(G[H]) < a(G)a(#). 

b) Using (a), show that 


r(kl+1,k14+1)-12> (r(K4+1,44+1) -1)(r(l4+1,J4+1)-1) 
c) Deduce that r(2” + 1,2” + 1) >5"+4+1 for all n > 0. (H.L. ABBOTT) 


12.3.10 Let k, s, and t be positive integers with s < t. Show that there exists an 
integer r := r;,(s,¢) such that, for every k-edge-colouring (F1, E2,..., E,) of the s- 
uniform complete hypergraph H on at least r vertices, H contains a monochromatic 
complete subhypergraph on t vertices. 


12.3.11 


a) Show that every 2-edge-coloured countably infinite complete graph contains a 
countably infinite monochromatic complete subgraph. 
b) Deduce the finite version of Ramsey’s Theorem. 


12.3.12 Let V be a set of points in the plane in general position (no three 
collinear), and let G be the complete geometric graph with vertex set V. Show 
that, for every 2-edge-colouring of G’, there is a monochromatic spanning tree no 
two edges of which cross. (G. KAROLYI, J. Pach, AND G. TOTH) 
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12.4 The Regularity Lemma 


Somewhat paradoxically, the behaviour of random graphs (studied in Chapter 13) 
is often highly predictable. For example, when p is a constant, many properties 
of the random graph G,,, hold almost surely. One of the difficulties in saying 
things about concrete graphs is that they are less homogeneous: their edges can 
be scattered about the graph in unpredictable ways, even if information is known 
about basic parameters of the graph such as its connectivity or chromatic number 
Fortunately, it turns out that any sufficiently large dense graph can be split 
up in such a way that the resulting subgraphs are joined to one another in an 
essentially randomlike manner, and this allows one to establish many interesting 
properties of such graphs. This remarkable and surprising fact is known as the 
Regularity Lemma. It was developed by Szemerédi (1978) in order to prove a 
beautiful theorem in number theory: every dense subset of the positive integers 
contains arbitrarily long arithmetic progressions. In more recent years, it has been 
used to establish numerous results in extremal graph theory, as well as in number 
theory, geometry, and other fields, and is now a major tool in combinatorics. 


REGULAR PAIRS AND REGULAR PARTITIONS 


Let G = (V, £) be a graph and let X and Y be disjoint subsets of V. The density 
d(X,Y) is the proportion of the |X||Y]| possible edges of G that are actually present 
in G: (X,Y) 
€ ? 

HOY) = TTY] 
In the case of a random graph G = G,,,,, the expected value of e(X, Y) is p|X||Y], 
so the expected value of the density is simply p, no matter what the sets X and Y 
are. Moreover, Chernoff’s Inequality shows that d( X,Y) is always close to p with 
high probability (see Exercise 13.3.7). 

Let € be a small fixed positive constant. In what follows, all definitions are with 
respect to ¢€, and it is convenient not to make explicit mention of this constant each 
time. We refer to a subset of a set X as a small subset of X if it is of cardinality 
at most e|X|, and a large subset of X if it is of cardinality greater than e|X|. With 
these conventions, a pair (X,Y) of disjoint subsets of V is called regular if the 
densities of (X’,Y’) and (X,Y) differ by at most € whenever X’ is a large subset 
of X and Y’ is a large subset of Y; otherwise, the pair is irregular. A regular 
partition of V with exceptional set Xo is a partition {Xo,X1, X2,...,X,} such 
that: 


> Xo is a small subset of V, 

b |X| =|Xj|, 1<is<r, 

> (X;,X;) is regular for all but at most €(5) pairs {i,j} C {1,2,...,r}. 

A partition {X9, X,, Xo,..., X;} satisfying the first two conditions is an equipar- 
tition of V. 
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Szemerédi’s Regularity Lemma guarantees that every sufficiently large graph 
admits a regular partition into not too many parts. 


Theorem 12.12 THE REGULARITY LEMMA 

Let p be an integer and € a positive real number. Then there is an integer q, 
depending only on p and ¢, such that any graph G on at least q vertices has a 
regular partition {Xo,X1,X2,...,X,} withp<r<q. 


The proof of the Regularity Lemma, although not conceptually difficult, is a bit 
technical. For this reason, we first of all present one of its important applications, a 
celebrated theorem due to Erdés and Stone (1946), and another interesting appli- 
cation to Ramsey numbers. These, and many other applications of the Regularity 
Lemma, rely on the following basic property of regular pairs. 


Lemma 12.13 Let (X,Y) be a regular pair of density d, let Y’ be a large subset of 
Y, and let S be the set of vertices of X which have fewer than (d—e€)|Y’| neighbours 
in Y’. Then S is a small subset of X. 


Proof Consider a large subset X’ of X. Because (X,Y) is a regular pair, 
d(xX',Y') > d—e. Hence e(X’,Y’) > (d— €)|X’||Y’|, implying that some ver- 
tex of X’ has at least (d — €)|Y’| neighbours in Y’. Thus X’ # S. We conclude 
that S is not a large subset of X. 


THE ERDOS-STONE THEOREM 


Turadn’s Theorem tells us that every graph G with at least t,_1(n) + 1 edges 
contains a copy of the complete graph K;,. The Erddés-Stone Theorem says, roughly 
speaking, that if n is sufficiently large and G has not too many more edges, then 
G contains a copy of the Turan graph 7; 4;, the complete k-partite graph with t¢ 
vertices in each part. 


Theorem 12.14 THE ERDOS-STONE THEOREM 

Let k and t be integers, where k > 3 and t > 2, and let d be a real number, where 
O0<d< $. Then there is an integer N, depending only on k, t, and d, such that 
every graph G with at least N vertices and at least t,_1(n) + dn? edges contains a 
copy of the Turan graph Th tk- 


Proof We apply the Regularity Lemma with 


(k-1)t 
d 1 k-1 


where q is the function of p and e defined in the Regularity Lemma. The choices 
of the parameters €, p, and N in (12.14) are made simply to ensure that the 
computations below go through smoothly. 

Assume that G is a graph on n vertices and at least tp—1(n) + dn? edges, 
where n > N. Then there is a regular partition {Xo,X1,...,X,} of V such that 
p<r<q. We set 0:=|X;|,1<i<r. Thus ré> (1—e)n. 

We now consider the subgraph H of G obtained by deleting: 
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the exceptional set Xo, 

all edges of G[X;], 1 <i<r, 

all edges between irregular pairs (X;,X;), 

all edges between regular pairs (X;,X,;) of density less than d. 


VV VV 


Then H is a graph on ré vertices, and the number of edges deleted from G to 
form H is at most 


1 1 1 
en(n — 1) + °(5) + (S)e + & dl? < en? —en4 are sere sare 


Thus 


e(H) — en > e(G) (x sre sre sare) 


> te_1(n) + (d—)n? slat re we 


> te_i(n) + (d— €)r?l? (dt 2? sre 


( 
1 
p) 


1 
= tp_-1(n) + <(d — 3e)r?2? — sre 
The fact that r > p and the choice of p in (12.14) yield the inequalities 
(d—3e) °F > : (d —3e) pr@ > le 
2 — 2 — 2 


Combining the bound en > eN > (k — 1)/8 implied by (12.14) with the bound 


(see Exercise 12.2.3a) 
1 /k-2 k-1 
tph_1(n) > ( ) n? 


— 2\k-1 8 


we now have 


k-1 1/k-2 
Hy Sipe > th = [ 
e(H) > ty_1(n) + en > te_1(n) F >5(GS)e 
Let R be the graph with vertex set {x1,v2,...,v,}, vertices x; and x, being joined 
if (X;, X;) is a regular pair of density at least d. Then 


e(H)_ 1/k-2 n? 1/k-2\ , 

(R) 2B > 5 GS) (Fe = 5 (G)r 
so R contains a copy of Kz, by Turadn’s Theorem. In other words, H has k sets X; 
any two of which form a regular pair of density at least d. Without loss of general- 
ity, we may assume that these sets are X1,Xo,...,X,. We show that H[U*_, Xj] 

contains a copy of the desired Turan graph. 

Consider a pair (X 1, X;). By Lemma 12.13, at most €¢ vertices of X1 have fewer 
than cé neighbours in X;, where c := d—. Therefore at most e(k — 1)é vertices of 
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X, have fewer than cé neighbours in one (or more) of the sets X;, 2 <i <k. In 
other words, at least (1—(k—1)e)é vertices of X; have at least cf neighbours in each 
set X;, 2 <i<k. Let v1 be one such vertex, and let x be its set of neighbours 
in X;,2 <i<k. Because c > (d/2) > ¢, this is a large subset of X;. Therefore, 
again by Lemma 12.13, at least (1 — (k — 1)e)é vertices of X1 each has more than 
c? neighbours in each set X}, 2 < i < k. Let v2 be one such vertex, and let X? 
be its set of neighbours in X}, 2 < i < k. Continuing in this way, and noting that 
ct > (d/2)'* > e, we may find t vertices v1, v2,...,v, in X;, and a subset X¢ of 
more than c'é vertices of X;, 2 <i<r, such that each vertex v; is joined to every 
vertex of X!, 2<i<k. By induction, because c*—)* > (d/2)*" = e, starting 
with the k —1 sets Xf, 2 <i <k, we find a copy of Ty_1,4(¢-1) in H[US_. X74]. 
Together with the vertices v1, v2,...,v, this yields a copy of 7,4, in H, and hence 
in G. 


An important consequence of the Erdés—Stone Theorem is that it highlights 
the intrinsic role played by the chromatic number in extremal graph theory. This 
striking fact was first noted by Erdés and Simonovits (1966), and the following 
result is known as the Erdés—Stone-Simonovits Theorem. 


Theorem 12.15 For any simple graph F 


ex(n,F) 1 oe) 


x )—1 


n? 2 
Proof Let k = y(F) and let t be the largest size of a colour class in a proper 
k-colouring of F’. Then F' C Th ix. Therefore, by the Erdés—Stone Theorem, for 
any d > 0, there is an integer gq, depending on k, t, and d, such that every graph 
G on at least q vertices and at least t,_1(n) + dn? edges contains a copy of F. 
Hence, for all d > 0, 


ex(n, F) _ tg-i(n)+dn? — tr_1(n) 
< = +d 
n2 _ n2 n2 
On the other hand, because F' is k-chromatic and the Turan graph T)_1,n is (k—1)- 
colourable, F Z Ty—1,n. Therefore ex(n, F’) > ty_1(n) and 


ex(n, F’) ™ tp_1(n) 


n2 n 
These two inequalities imply that 


ex(n, F’) 
72 


limn—oo 


n2 2 


= lima G3” = 5 (Zeya) 


It should be noted that Theorem 12.15 is only of interest for nonbipartite 
graphs: when F is bipartite, it asserts merely that ex(n, F) < n?, a fact which 
follows directly from the theorem of Kévari, Sé6s, and Turdn (Exercise 12.2.11). 
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LINEAR RAMSEY NUMBERS 


The Ramsey number of a simple graph G is the least integer p such that every 
2-edge-colouring of K, yields a monochromatic copy of G (see Exercise 12.3.7). 
This number is denoted by r(G,G). Because any simple graph G on n vertices is 
a subgraph of K,,, one has the obvious upper bound r(G,G) < r(n,n). However, 
this exponential bound in n (see Theorem 12.8) is very weak when G is a sparse 
graph, one with relatively few edges. Indeed, we show here how the Regularity 
Lemma can be applied to prove that the Ramsey numbers of graphs of bounded 
maximum degree grow only linearly with their order. This result is due to Chvatal 
et al. (1983). 


Theorem 12.16 For any graph G of maximum degree A, 
r(G,G) <cn 
where c depends only on A. 


Proof We set 

e:=4°74 and p:=e1=44 
and take q to be the function of p and ¢ defined in the Regularity Lemma. We now 
set c:= pq. Note that c depends only on A. 

Let H be a graph on cn vertices. Clearly, cn > q. Therefore, by the Regularity 
Lemma, H has a regular partition {Xo,X1, X2,...,X,}, where p < r < gq. This 
partition is also a regular partition of the complement H of H, for the same value 
of « (Exercise 12.4.1). Let R be the graph with vertex set {21,22,...,2,}, vertices 
a; and x; being adjacent in R if (X;, X;) is a regular pair. Then e(R) > (1—€)(5). 
Because r > p—1= (1—e)/e, 


a-(f) =a-9 (1-4) (F) > 4-29 (F) 20m 


where (see Exercise 12.2.3a) k = (2e)~! > 2?4. By Turdn’s Theorem, R contains a 
copy of the complete graph K;,. Let F' be the spanning subgraph of this complete 
graph whose edges correspond to the regular pairs (X;,X;) of density at least 
one-half. Because k > 274, either F or F contains a complete subgraph of A+ 1 
vertices, by Corollary 12.7. If this graph is F', we show that H contains a copy of 
G; if it is F, the same argument shows that H contains a copy of G. 

Suppose, then, that F' contains a complete subgraph of A+ 1 vertices. With- 
out loss of generality, we may assume that F has vertex set {a1,22,...,2A41}. 
Let uy,U2,-.-,Un be an arbitrary ordering of the vertices of G. We show how 
vertices U,,V2,-..,Un can be selected from the sets X1,Xo,...,Xa+1 so that 
H[{v1, v2,...,v;}] contains a copy of G[{ur, ua,...,uy}], L<j<n. 

Suppose that the vertices v,,v2,...,vj; have already been selected, where 0 < 
j <n-—1. We describe how to select the next vertex, vj41. For k > 7 +1, set 


Ny n= {uj:1<i<j and uu, € E(G)} 
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We refer to a set X; which is disjoint from N;,, as being eligible for vz at stage J. 
A candidate for vp, where k > 7 + 1, is a vertex of H which: 


1. belongs to some eligible set, 
2. is adjacent in H to every vertex of Nj x. 


In order to guarantee that a suitable vertex v;+1 can be chosen at each stage, 
we shall require that, for 0 < 7 < n—1, every eligible set for vz have many 
candidates at stage j, at least 4~%-*¢ of them, where dj, := |Nj,x| and @ is the 
common cardinality of the sets X;. This requirement is clearly fulfilled at stage 0. 
Suppose that it is fulfilled at stage 7, where 0 < 7 < n. We select an eligible set 
Xs for vj41, and consider the set Y; of candidates for vj41 in X. We shall choose 
an element of Y, as vj+1 in such a way that, for all k > 7 +2, every eligible set for 
vz at stage 7 + 1 has at least 4~4)+1."@ candidates. 

If uz is not adjacent to uj4, in G, then dj4i., = dj, and this condition 
automatically holds if it holds for 7. Suppose, then, that uz, is adjacent to uj41 in 
G, so that dj+1,, = dj, + 1. Consider any set X; eligible for vz, at stage 7; there 
is at least one such set because d;,, is at most A whereas there are A + 1 sets 
X;. Let Y; be the set of candidates for vz in X; at this stage. Observe that Y; 
is a large subset of X;, because 44:*€ < 44¢ < 1. We apply Lemma 12.13 with 
X = X,, Y = X;, and density at least 4. Thus the set of vertices of X, which 
are adjacent to at most (4 — €)|¥;| vertices of Y; is a small subset of X,; their 
number is at most «f. Applying this reasoning to all sets X; eligible for vz, at stage 
j (there are at most A of them), and for all k > 7 + 2 (at most A values of k), we 
may conclude that there are at least |Y,| — A?eé vertices of Y,, each adjacent to 
more than (4 —)|Y;| vertices of each Y;. Thus, assuming that |Y,|— A?eé— j > 0, 
some vertex of Y, different from v1, v2,...,v; is adjacent to more than (3 —)|Y;| 
vertices of each Y; such that X; is eligible for vu, at stage 7. Now |Xo| < ecn, so 


(1 — €)pqn = (L—e)en < S- |X;, = rl < ¢ 
i=1 


whence (1 — €)n < ef and hence j < n < 2e€. Because |Y,| > 474" > 4-44 and 
(A? +2)e < 4-4, 


|¥s| — A? — 7 > 4-40 — A%el — 26 = (4-4 — (A? + 2)e) 2 >0 


Also, because € < $ and |Y¥;| > 4~%*é, 


1 1 
= —e¢} [Y,| > — (4-42) = 4-4an lg — g-titing 
(5-<) mle peg 
We conclude that there is a candidate for vj, in X, such that, for all k > 7 + 2, 
every eligible set for vz at stage j +1 has at least 4~4+1-"@ candidates. The theorem 
follows by induction on j. 
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A PROOF OF THE REGULARITY LEMMA 


The proof of the Regularity Lemma given here is based on a measure of how close 
a given partition is to being regular. 
For a pair {X,Y} of disjoint sets of vertices of a graph G, we define its index 
of regularity by: 
(X,Y) == [XIV (d(x, Y))? 


This index is nonnegative. We extend it to a family P of disjoint subsets of V by 
setting: 
pP):= >) (X,Y) 
X,YEP 
XA#AY 


In the case where P is a partition of V, we have: 


n2 
(P= Yo ixiviaxyyres YY xin< > ca2is) 
Yer XYer 
XY X4Y 


If P is an irregular equipartition of V, we show that there is an equipartition 
O, a refinement of P, whose index of regularity is significantly greater than that 
of P. By applying this operation a constant number of times (the constant being 
a function of €), we end up with a regular partition of V. 

The first step is to observe that refining a family of subsets never reduces the 
index of regularity. 


Proposition 12.17 Let G be a graph, let P be a family of disjoint subsets of V, 
and let Q be a refinement of P. Then p(Q) > p(P). 


Proof It suffices to show that the conclusion holds when Q is obtained from P 
by partitioning one set X € P into two nonempty sets X,, X2. We have: 


p(Q) — p(P) = p(X1,X2)+ SY) (p(X, ¥) + o(X2,Y) — p(X,Y)) 
YeP 
Y#AX 


Thus it suffices to show that, for Y € P, Y 4 X, 


Set 
w:=|X|, y:=l|Y|, d:=d(X,Y) 
and, for 7 = 1,2, 
VS |X|, dj = d(Xi, Y) 
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Then 
L=%Mm44+2%2 


Also, because e(X,Y) = e(X1, Y) + e(X2,Y), 
zyd = x, yd; + roydz2 
Therefore, after rearranging terms, 


212 
p(X1,Y) + p(X2,¥) — (X,Y) = aryd} + aye} — xy? = 724 (a, — as)? > 0 


The conclusion follows. 


Next, we show that if (X,Y) is an irregular pair, then there is a refinement P 
of {X,Y} such that p(P) is somewhat bigger than p(X, Y). 


Lemma 12.18 Let (X,Y) be an €-irregular pair in a graph G, with |d(X1,Y1) — 
d(X,Y)| >, where X1 is a large subset of X, and Y, is a large subset of Y. Define 
Xo := X \ X, and Yz:=Y \ Yi. Then 


é4 


pl {X15 Xa,¥i,Ya}) = GY) = (PSs) [XM 


Proof Set 
w= |X|, y= (Vl, d=d(X,Y) 


and 
T= |Xil, Yj = IYI, di; — dl Xx, Ya), i,j =1,2 


In this notation, the hypotheses of the lemma can (essentially) be written as: 
uy>ex, yi >ey, and (dy, — d)” >eé (12.16) 
Also xyd = 9); j=1,9 Tiyj dij, SO 
ryd — xyyidiy = X1yodi2 + Loyido1 + Toy2d22 
Applying the Cauchy-Schwarz Inequality 5°, a? >, b? > (3°, aib;)? with 
a, = JX1Y2, d2:= /ffoy1, a3 = /Xayo 


and 
by = Jxiy2di2, by = Jx2yidai, b3 = Vr2y2d22 
yields 
(ayd — xyyidi1)? 
TY — L1Y1 


21 Yy2d 45 + royid>, + r2yodso 2 


Therefore, by virtue of the inequalities (12.16), 
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p({X1, X2, V1, Yo}) ~~ p(x,Y) 2 se viys di; _ ayd? 


i,j=1,2 


syd — di)? 
> xiyidy 4 (zyd = eid) ryd* 


ZY — XY1Y1 
x 


= — _—yildiy = d)? 
LY — @yY1 


T1Y1 2 
2 To 2 (aut —d) 


é4 
=\tae@) 


Lemma 12.18 is the key to the proof of the Regularity Lemma. Given an irreg- 
ular equipartition P of V, we apply it to each irregular pair of P, and in so doing 
show that P can be refined to an equipartition Q whose index of regularity is 
significantly greater than that of P. For the purposes of the proof, it is convenient 
to define the index of an equipartition {Xo,X1,...,X,} with exceptional set Xo 
as the index of the partition obtained on splitting Xo into singletons. 


Lemma 12.19 Let P = {Xo0,X1,...,X~} be an equipartition of V. If P is not 
regular and |Xo| < (e—2-*)n, then there is an equipartition Q := {Yo,Yi,.-.-, Ye} 
of V_ such that 


: 1— 
Mol < [Molt oe, RSS MA and p(Q)—(P) > (T—*) Ov? 


Proof By Lemma 12.18, the sets X; and X; in any irregular pair (X;, X,;), can 
each be partitioned into two sets so that the index of regularity of the resulting 
partition P;; satisfies 


é4 é! n? l~e n® 
p(Piz) — p(X, Xj) = (; ) balls 2 (s)a Wp ~ ( eR 


=2 


For each i, 1 <i < k, each of the k — 1 partitions P;;, 7 A 7, induces a partition 
of X; into two parts. Denoting by P; the coarsest common refinement of these 
partitions of X;, we have |P;| < 2*~!. Let P’ be the partition of V whose members 
are the members of P;, 1 < i < k, and the singleton elements of Xo. Because 
|P;| < 2*, we have |P’| < k2*. Because there are more than ek? irregular pairs, 


l-e n? l-—e 
p(P’) — p(P) > ek? (=) ea = (=) en? 


From P’ we now construct our desired equipartition Q. Let {Y;:1<i< ¢} be 
a maximal family of disjoint subsets of V, each of cardinality [n/(k4")], and each 
contained in some member of P’. Set Yo := V \(Uf_, Yi) and Q := {Yo,Vi,..., Yo}. 
Note that Yo contains at most n/(k4") elements of each member of P’, so 


A nm n 
[¥ol < |Xol + (h2") (7) = |Xol + ap Sen 
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Also, k< £< k4*®. The refinement of Q obtained by splitting all vertices of Yo 
into singletons is a refinement of P’. Appealing to Proposition 12.17, we have 
p(Q) > p(P’). Therefore 


The Regularity Lemma now follows on applying Lemma 12.19 iteratively, start- 
ing with an equipartition whose exceptional set has fewer than k elements, and 
noting the upper bound (12.15) on the index of a partition. We leave these techni- 
cal details as an exercise (12.4.2). A quite different proof of the Regularity Lemma, 
based on ergodic theory, can be found in the book by Tao and Vu (2006). 

A multitude of applications of the Regularity Lemma are described in the ex- 
cellent survey articles by Komlés and Simonovits (1996) and Komléds et al. (2002). 
The version of the Regularity Lemma given here applies only to dense graphs, but 
there exist several variants, including versions for sparse graphs (Kohayakawa and 
Rédl (2003)) and hypergraphs (Gowers (2006), Rodl et al. (2005), Tao (2006)). 


Exercises 


12.4.1 Show that a regular partition of a graph G is also a regular partition of its 
complement G (with the same parameter € and the same exceptional set). 


12.4.2 Deduce the Regularity Lemma from Lemma 12.19. 


12.5 Related Reading 


HYPERGRAPH EXTREMAL PROBLEMS 


The questions treated in this chapter can of course be posed in the context of hyper- 
graphs. Ramsey’s Theorem extends quite easily to hypergraphs (Exercise 12.3.10). 
Indeed, it was in this more general setting that Ramsey (1930) proved his theo- 
rem. On the other hand, the evaluation of hypergraph Ramsey numbers remains 
a totally intractable problem. 

The state of affairs with respect to questions of Turan type for hypergraphs is 
hardly better, even for 3-uniform hypergraphs. Turan’s conjectures on the number 
of triples of an n-set needed to guarantee a I &) ora K, &) remain unsolved (see 
Exercise 12.2.6). The difficulty of the former conjecture can perhaps be attributed 
to the fact that, should it be true, the number of nonisomorphic extremal config- 
urations would be very large indeed. Kostochka (1982) has constructed 2*~? such 
‘extremal’ examples. 

On the positive side, there have been a number of encouraging advances on 
hypergraph extremal problems in recent years. For instance, when n is sufficiently 
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large, it was shown independently by Fiiredi and Simonovits (2005) and by Keevash 
and Sudakov (2005) that, as conjectured by Sés (1976), the only extremal 3- 
uniform hypergraph not containing a copy of the Fano hypergraph is the unique 
2-colourable 3-uniform hypergraph with the maximum number of edges (see Exer- 
cise 12.2.6b). There are several informative surveys on this topic; see, for example, 
Fiiredi (1991) and Sidorenko (1995). 


CONSTRUCTIONS FROM HYPERGRAPHS 


We have seen several examples of how hypergraphs can be used to construct graphs 
with special properties. In particular, the incidence graph of a projective plane of 
order k—1 is a (k, 6)-cage (Exercise 3.1.13), and polarity graphs of projective planes 
provide examples of extremal graphs without 4-cycles (see Exercise 12.2.14). Frankl 
and Wilson (1981) made use of hypergraphs to obtain constructive lower bounds 
for Ramsey numbers. 

Let S be an n-set, and let q be a prime power with q? < n+ 1. Consider the 
graph whose vertices are the (q?—1)-subsets of S, two such subsets X and Y being 
adjacent if and only if |X 9 Y| # —1(modgq). Frankl and Wilson (1981) showed 
that this graph has neither a stable set nor a clique of cardinality k := lye) +1, 
yielding the Ramsey number bound r(k, k) > (2-4) +1. Setting n = q° results in 
the superpolynomial lower bound r(k, k) > kf), where f(k) ~ log k/4 log log k. 


RAMSEY THEOREMS IN OTHER CONTEXTS 


Ramsey’s Theorem exemplifies the mathematical dictum, due to T.S. Motzkin, 
that complete disorder is impossible: if a large enough structure is partitioned ar- 
bitrarily into two or more classes, then one of the classes contains a ‘regular’ sub- 
structure of prescribed size. Such theorems appear in many areas of mathematics. 
One classical example is the theorem due to Van der Waerden (1927), which asserts 
that if the positive integers are partitioned into a finite number of classes, then 
one of the classes contains arbitrarily long arithmetic progressions. (This theorem 
has inspired some deep discoveries in number theory, notably the density theorem 
of E. Szemerédi mentioned in the section on the Regularity Lemma.) 

Ramsey’s Theorem was rediscovered by Erdés and Szekeres (1935) while inves- 
tigating a problem on combinatorial geometry. It led Erdds and his many collabo- 
rators to develop over the years an area of geometry known as euclidean Ramsey 
theory. One especially attractive theorem on this topic, due to Kifz (1991), states 
that if S is the set of points of a regular polygon, and if n is large enough, then in 
any 2-colouring of R”, there exists a monochromatic subset which is congruent to 
S. The book by Graham et al. (1990) contains many other beautiful examples of 
such Ramsey theorems. 


13 


The Probabilistic Method 


Contents 
13.1 Random Graph .«.. sees soscecacawcecee wd ee eek wae we 329 
INDEPENDENT FIVENTS 3. .4is.¢-t0e060 Rocce eh ak oak ane anaes 331 
RANDOM VARIABLES ...... 0.000 cece eee eee ene een 331 
13:2. Expectation 3 ic sccsis 4 aces aed Sahicee hut deeded Saree alae 333 
LINEARITY OF EXPECTATION .......000 00 cece eee neces 333 
THE CROSSING LEMMA ........0 00 ccc eee eee eee nee nee 334 
ASYMPTOTIC. NOTATION 34.4.<ds ddd $o45b0edee0edies 335 
MARKOV’S INEQUALITY... 0.0000 cc eee eens 336 
WBES) VAP lati Ce ss sie. io eae Si daiie we Scere eariswd @seceruar aes w va: Bae soso ya 342 
CHEBYSHEV’S INEQUALITY ........0 00 cece cece een eens 342 
STABILITY NUMBERS OF RANDOM GRAPHS ...........0005 343 
13.4 Evolution of Random Graphs................0e 0 eee 347 
THRESHOLD FUNCTIONS .......0 00 cece eee eee e eee ene 347 
BALANCED ‘'GRAPHS?24.< 2 os-4.4< i408<0-b040654004 1 an edead 347 
THE GIANT COMPONENT ......0 0000 ccc cece een teens 349 
13.5 The Local Lemma ......... ccc ccc ccc weet ce eenes 350 
Two-COLOURABLE HYPERGRAPHS ........ 00000 e eee ene 353 
EVEN CYCLES IN DIRECTED GRAPHS.........00 000 c eee 353 
TAINEBAR: ARBORICITY 4 :2S4404409 ¢40040 ses Soto ebere eked 354 
13.6 Related Reading 6 6 siiscsis eierk scorers cua ene 6 bade es wees 355 
PROBABILISTIC MODELS 23...2 22454 252502864282 Hed ta eaes 355 
SHARP THRESHOLD FUNCTIONS.........000 00: e cece eeeee 356 
CONCENTRATION INEQUALITIES ........00 000 cee eee eens 356 


13.1 Random Graphs 


As mentioned in Section 12.3, the lower bound on Ramsey numbers given in The- 
orem 12.8 was obtained by means of a proof technique known as the probabilistic 
method. Roughly speaking, this technique is based on an understanding of how 
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graphs behave on the average. Theorem 12.8, for instance, was proved by showing 
that the majority of graphs on 2”/? vertices have no clique of cardinality n. (This 
is evidently not true of all graphs on 2”/? vertices.) An understanding of the ex- 
pected behaviour of graphs turns out to be of immense value in demonstrating the 
existence of graphs with particular properties. The probabilistic method is also a 
remarkably effective tool for establishing properties of graphs in general. 

A (finite) probability space (2, P) consists of a finite set (2, called the sample 
space, and a probability function P : Q — [0,1] satisfying )0,¢—q P(w) = 1. We 
may regard the set G,, of all labelled graphs on n vertices (or, equivalently, the set 
of all spanning subgraphs of K,,) as the sample space of a finite probability space 
(Gn, P). The result of selecting an element G of this sample space according to the 
probability function P is called a random graph. 

The simplest example of such a probability space arises when all graphs G € G,, 
have the same probability of being chosen. Because |G,,| = 2%, where N := CG), 
the probability function in this case is: 


P(G)=2-*, forall GeG, 


A natural way of viewing this probability space is to imagine the edges of K, as 
being considered for inclusion one by one, each edge being chosen with probability 
one half (for example, by flipping a fair coin), these choices being made indepen- 
dently of one another. The result of such a procedure is a spanning subgraph G of 
Ky, with all G € G,, being equiprobable. 

A more refined probability space on the set G, may be obtained by fixing a 
real number p between 0 and 1 and choosing each edge with probability p, these 
choices again being independent of one another. Because 1 — p is the probability 
that any particular edge is not chosen, the resulting probability function P is given 
by 

P(G)=p™(1—p)*-™, for each G € Gp, 
where m := e(G). This space is denoted by Gn. For example, G3,, has as sample 
space the g(a) = 8 spanning subgraphs of K3 shown in Figure 13.1, with the 
probability function indicated. 

Note that the smaller the value of p, the higher the probability of obtaining a 
sparse graph. We are interested in computing or estimating the probability that a 
random graph has a particular property. 

To each graph property, such as connectedness, there corresponds a subset of 
Gn, namely those members of G,, which have the given property. The probability 
that a random graph has this particular property is then just the sum of the 
probabilities of these graphs. For instance, the probability that a random graph 
in G3,, is connected is equal to 3p?(1 — p) + p? = p?(3 — 2p), the probability that 
it is bipartite is (1 — p)? + 3(1 — p)?p + 3(1 — p)p? = (1—p)(1+p+>p?), and the 
probability that it is both connected and bipartite is 3p?(1 — p). 

In a probability space (2, P), any subset A of 9 is referred to as an event, and 
the probability of the event A is defined by: 
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v3 bp v3 v2 US “Un V3 v2 
p'(1—p) p(1—p) p(1—p) p 


Fig. 13.1. The probability space G3, 


A) = 55 Pw) (13.1) 


wea 
INDEPENDENT EVENTS 


Events A and B in a probability space (2, P) are independent if P(AN B) = 
P(A)P(B); otherwise, they are dependent. More generally, events A;, i € I, are 
(mutually) independent if, for any subset S' of J, 


P(Nies Ai) =| P(A 
ies 


For example, if A is the event ‘G' is connected’ and B is the event ‘G is bipartite’ 
in the space G3.,, then (unless p = 0 or p= 1) 


P(A)P(B) = p?(3 — 2p)(1 — p)(1+ p+ p*) 4 3p?(1 — p) = P(ANB) 


Thus these two events are dependent. In other words, the knowledge that G is 
bipartite has a bearing on the probability of it being connected. 

It is important to realize that a set of events may well be dependent even if 
the events are pairwise independent (see Exercise 13.1.2). 


RANDOM VARIABLES 


Much of graph theory is concerned with the study of basic parameters, such as 
the connectivity, the clique number, or the stability number. As we have seen, 
the values of these parameters provide much information about a graph and its 
properties. In the context of random graphs, functions such as these are known as 
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random variables, because they depend on which graph happens to be selected. 
More generally, a random variable on a probability space (2, P) is any real-valued 
function defined on the sample space 92. In the combinatorial context, random 
variables are frequently integer-valued. Here is a typical example. 

Let S be a set of vertices of a random graph G € G,,,». We may associate with 
S arandom variable X¢g defined by: 


1 if S isa stable set of G, 


0 otherwise. (13.2) 


XxX s(G ) = { 
The random variable Xg is an example of what is known as an indicator random 
variable, because it indicates whether the set S' is a stable set of G. More generally, 


each event A in a probability space (2, P) has an associated indicator random 
variable X_4, defined by: 


1 ifweaA, 
Xalw) = e otherwise. 
(In the preceding example, A is simply the event that S is a stable set.) 
Thus to each event there corresponds a random variable. Conversely, with each 
random variable X and each real number t, we may associate the event 


{we Q:X(w) =t} 


This event is denoted for short by X = t. Analogously, one may define four related 
events: X < t, X < t, X >t, and X > ¢t. For instance, if X is the number 
of components of G € G3, the event X > 2 consists of the first four graphs in 
Figure 13.1; and if Xg is the random variable defined in (13.2), the event Xs = 1 
consists of those graphs G' € Gy,» in which S is a stable set. We are interested in 
the probabilities of such events. 

Random variables X;, 7 € I, are (mutually) independent if the events X; = t,, 
i € I, are independent for all real numbers ¢t;. Random variables are dependent if 
they are not independent. 


Exercises 


13.1.1 Let G € G,1/2. For a subset S of V, let Ags denote the event that S is a 
stable set of G. Show that if S and T are two distinct k-subsets of V, then A(S) 
and A(T) are independent if |SM7T| = 0 or |S T| = 1, and dependent otherwise. 


13.1.2 Let V be an n-set. Consider the probability space (2, P), where 2 is the 
set of k-colourings (Vi, V2,...,Vz) of V, all colourings being equiprobable (thus 
each occurring with probability k~”). An element of this space is called a random 
k-colouring of V. Consider a random k-colouring of the vertices of a simple graph 
G. For an edge e of G, let A. denote the event that the two ends of e receive the 
same colour. Show that: 
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a) for any two edges e and f of G, the events A. and A; are independent, 
b) if e, f, and g are the three edges of a triangle of G, the events A., Ay, and A, 
are dependent. 


13.1.3 


a) Let {A; : i © I} be a set of events in a probability space (2, P). Express 
the probability of the event U;e-7;A; in terms of the probabilities of the events 
Mies Ai, where S ranges over all nonempty subsets of I. 

b) Let V be an n-set. Consider the probability space (2, P), where 2 is the set of 
permutations of V, all permutations being equiprobable (thus each occurring 
with probability 1/n!). An element of this space is called a random permutation 
or random linear ordering of V. A permutation a of V is a derangement of V if 
m(v) # v for all v € V. Determine the probability of the set of all derangements 
of V, and the asymptotic value of this probability. 


*13.1.4 Let {A; : i € I} be a set of independent events in a probability space 


(2,P). For all S C I, show that the events A;, i € S, and A;, i € I\ S are 
independent. 


13.2 Expectation 


The average value, or mean, of a random variable X is called its expectation, and 
is denoted by E(X). Thus 


E(X) = S$) XW)P(w) (13.3) 
we 


For instance, if X denotes the number of components of G € G3 p, 


E(X)=3x(1—p)? + 2x 3p(1—p)? + 1x (p?(1—p) + p*) =3-3p4+ p® 


LINEARITY OF EXPECTATION 


We make use of two basic properties of expectation which follow easily from defi- 
nitions (13.1) and (13.3). Firstly, expectation is a linear function. In other words, 
for random variables X and Y, and real numbers r and s, 


E(rX + sY) =rE(X)+sE(Y) (13.4) 


This property is referred to as linearity of expectation. Secondly, if X4 is an indi- 
cator random variable, 
E(X4) = P(X, = 1) (13.5) 
It is important to emphasize that identity (13.4) is valid for any two random 
variables X and Y, whether or not they are independent. We repeatedly make 
use of this fact. By contrast, the identity E(XY) = E(X)E(Y) does not hold 
in general, although it is valid when X and Y are independent random variables 
(Exercise 13.2.2). 
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THE CROSSING LEMMA 


In order to convince the reader of the power of the probabilistic method, we present 
a remarkably simple application of this proof technique to crossing numbers of 
graphs. We obtain a lower bound for the crossing number of a graph in terms of 
its order and size, and then use this bound to derive two theorems in combinatorial 
geometry. 

Recall that the crossing number cr(G) of a graph G is the least number of 
crossings in a plane embedding of G. This parameter satisfies the trivial lower 
bound cr(G) > m — 3n (in fact er(G) > m — 3n +6 for n > 3; Exercise 10.3.1). 
The following much stronger lower bound was given by Ajtai et al. (1982) and, 
independently, by Leighton (1983). Its very short probabilistic proof is due to N. 
Alon; see Alon and Spencer (2000). 


‘Lemma 13.1) THe Crossinc LEMMA 


Let G be a simple graph with m > 4n. Then 


Proof Consider a planar embedding G of G with cr(G) crossings. Let S be a 
random subset of V obtained by choosing each vertex of G independently with 
probability p := 4n/m, and set H := G[S] and H := G[S]. 

Define random variables X, Y, Z on 92 as follows: X is the number of vertices, Y 
the number of edges, and Z the number of crossings of H. The trivial bound noted 
above, when applied to H, yields the inequality Z > cr(H) > Y —3X. By linearity 
of expectation (13.4), E(Z) > E(Y)-3E(X). Now E(X) = pn, E(Y) = p?m (each 
edge having two ends) and E(Z) = p*er(G) (each crossing being defined by four 
vertices). Hence 

p'cr(G) > p’m — 3pn 
Dividing both sides by p*, we have: 


pm—3n _ n 1 m3 
p> (4n/m)>_—«6 4 n? 


cr(G) > 


Székely (1997) realized that the Crossing Lemma (13.1) could be used to derive 
very easily a number of theorems in combinatorial geometry, some of which hitherto 
had been regarded as extremely challenging. We now give proofs of two of them. 

Consider a set of n points in the plane. Any two of these points determine a 
line, but it might happen that some of these lines pass through more than two of 
the points. Specifically, given a positive integer k, one may ask how many lines 
there can be which pass through at least k points. For instance, if n is a perfect 
square and the points are in the form of a square grid, there are 2\/n + 2 lines 
which pass through ,/n points. Is there a configuration of points which contains 
more lines through this number of points? The following theorem of Szemerédi and 
Trotter (1983) gives a general bound on the number of lines which pass through 
more than & points. 
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Theorem 13.2 Let P be a set of n points in the plane, and let £ be the number of 
lines in the plane passing through at least k+1 of these points, where 1 < k < 2V/2n. 
Then £ < 32n?/k°. 


Proof Form a graph G with vertex set P whose edges are the segments between 
consecutive points on the lines which pass through at least k+1 points of P. This 
graph has at least ké edges and crossing number at most (5). Thus either kf < 4n, 
in which case € < 4n/k < 32n?/k?, or 07/2 > () > er(G) > (k0)3/64n? by the 
Crossing Lemma (13.1), and again £ < 32n?/k°. 


A second application of the Crossing Lemma (13.1) concerns the number of 
pairs of points there can be, among a set of n points, whose distance is exactly 
one. The square grid (see Figure 1.27) shows that this number can grow faster 
than n, as n tends to infinity. (For this, one has to choose a grid in which the 
distance between consecutive points is less than one; the calculation relies on a 
little elementary number theory.) The following theorem, due to Spencer et al. 
(1984), provides an upper bound on the number of pairs of points at distance one. 


Theorem 13.3 Let P be a set of n points in the plane, and let k be the number 
of pairs of points of P at unit distance. Then k < 5n4/3. 


Proof Draw a unit circle around each point of P. Let n; be the number of 
these circles passing through exactly 7 points of P. Then pa, ny =nand k = 
iy in;. Now form a graph H with vertex set P whose edges are the arcs 
between consecutive points on the circles that pass through at least three points 


of P. Then 


n—1 
e(H) = So in; = 2k — my — 2nz > 2k —2n 

i=3 
Some pairs of vertices of H might be joined by two parallel edges. Delete from H 
one of each pair of parallel edges, so as to obtain a simple graph G with e(G) > 
k—n. Now cr(G) < n(n—1) because G is formed from at most n circles, and any two 
circles cross at most twice. Thus either e(G) < 4n, in which case k < 5n < 5n4/3, 
or n? > n(n — 1) > er(G) > (k — n)3/64n? by the Crossing Lemma (13.1), and 
k<4n434n < 5n4/3, 


ASYMPTOTIC NOTATION 


In the sequel, we are concerned with probability spaces (2,,, P,,) which are defined 
for all positive integers n. Because it is with sparse graphs that we are mostly con- 
cerned, we study the behaviour of the probability space G,,,, when p is a function 
of n and p(n) > 0 as n — oo. Given a sequence (2, Pn), m > 1, of probability 
spaces, a property A is said to be satisfied almost surely if P,(A,) — 1 as n — on, 
where A, := AN QQ). 

The following asymptotic notation is employed. If f: N— Randg:N—-—R 
are two functions such that g(n) > 0 for n sufficiently large, we write: 
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f<g if f(n)/g(n) -0 asn-oco 
f>g if f(n)/g(n) — oo as Nn — oo 
fr~g if f(n)/g(in)>1 asn->o 


MARKOV’S INEQUALITY 


The following simple inequality, often used in conjunction with identities (13.4) 
and (13.5), is one of the basic tools of the probabilistic method. 


Proposition 13.4 MARKOv’s INEQUALITY 
Let X be a nonnegative random variable and t a positive real number. Then 


PX St) Ss PO) 
Proof 
= SU{X(w)P(w) we Q} > SO{X(w)P(w) :w € 2, X(w) > t} 
oe. :w € 2,X(w) >t} = t> {P(w):w € 2,X(w) > t} 


= tP(X >t) 


Dividing the first and last members by t yields the asserted inequality. 


Markov’s Inequality is frequently applied in the following form in order to show 
that a random graph in G,,» almost surely has a particular property for a certain 
value of p. It is obtained by setting X = X, and t = 1 in Proposition 13.4. 


Corollary 13.5 Let X,, be a nonnegative integer-valued random variable in a prob- 
ability space (Qn, Pn), n> 1. If E(Xn) - 0 as n > ov, then P(X, = 0) > 1 as 
nN — OO. 


As a simple example, let X be the number of triangles in G € Gn». We may 
express X as the sum X = )°{Xs5: 5S CV, |S| = 3}, where Xqg is the indicator 
random variable for the event Ag that G[S] is a triangle. Clearly P(As) = p?. By 
linearity of expectation, we have 


B(X) = D{B(%s) $V, 151 =3} = (398 < (on) 


Thus if pn > 0 as n > ov, then E(X) — 0 and, by Corollary 13.5, P(X = 0) > 1 
in other words, if pn — 0 as n > ov, then G will almost surely be triangle-free. 

Using these same tools, we now establish a fundamental and very useful bound 
on the stability number of random graphs due to Erdés (1961a). Unless otherwise 
specified, log stands for the natural logarithm (that is, to the base e). 


Theorem 13.6 A random graph in Gn,» almost surely has stability number at most 
[2p- log n]. 
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Proof Let G € Gn, and let S be a given set of k +1 vertices of G, where k € N. 


The probability that S is a stable set of G is (1— p>), this being the probability 
that none of the ee pairs of vertices of S is an edge of the random graph G. 

Let Ag denote the event that S is a stable set of G, and let Xg denote the 
indicator random variable for this event. By equation (13.5), we have 


k+1 


E(Xg) = P(Xs =1) = P(As) = (1-p)(¥) (13.6) 
Let X be the number of stable sets of cardinality k + 1 in G. Then 
X=) {Xg: SCY, |S|=k+1} 
and so, by (13.4) and (13.6), 


Bet) 


E(X) = \{E(Xs): SCV, |S|=k+1}= (4) -9y ; 


We bound the right-hand side by invoking two elementary inequalities (Exer- 
cise 13.2.1): 
a nett 
< ——_ l—-p<e’? 
(2) Soo _ ae 
This yields the following upper bound on E(X). 
nktle—?(*S") (me-Pk/2)**7 


E(X) <a> eI) ie 


Suppose now that k = [2p~!logn]. Then k > 2p~!logn, so ne~P*/? < 1. Be- 
cause k grows at least as fast as the logarithm of n, (13.7) implies that E(X) — 0 
as n — co. Because X is integer-valued and nonnegative, we deduce from Corol- 
lary 13.5 that P(X = 0) — 1 as n — oo. Consequently, a random graph in G,p 
almost surely has stability number at most k. 


In the case where p = $, a slightly sharper bound on a than the one provided by 
Theorem 13.6 can be obtained, yielding the lower bound on the Ramsey numbers 
given in Theorem 12.8 (see Exercise 13.2.11). We encounter further interesting and 
surprising applications of Theorem 13.6 in Chapter 14. 

This first excursion into the probabilistic method should have given the reader 
an idea of its remarkable power. A number of the exercises in this and subsequent 
sections provide further applications of the method. Many more can be found in 
the monographs by Spencer (1987), Alon and Spencer (2000), and Molloy and 
Reed (2002). 


Exercises 


*13.2.1 Prove the inequalities: 
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aya (k® < (2) <n Jk, torn > > 0, 
b) 1+ a <e?®, forallz ER. 


*13.2.2 


a) Let X;, 7 € I, be independent random variables. Show that E([] 
[ier EB (Xi). 

b) Give an example of dependent random variables X and Y such that E( XY) = 
E(X)E(Y). 


ier Xi) = 


*13.2.3 Let X be a nonnegative integer-valued random variable. Using the Cauchy— 
Schwarz Inequality, show that E(X?)P(X > 1) > E?(X). 


13.2.4 Find an infinite family of graphs G with cr(G) = cm?/n?, where c is a 
suitable positive constant. 


13.2.5 Let G:= (V, E) bea simple graph, let S be a random subset of V obtained 
by choosing each vertex of G independently with probability p, and let F := G[S}. 
Consider the random variables X := v(F’) and Y := e(F). 


a) Show that a(F’) > X —Y. 
b) By calculating F(X) and E(Y), and selecting the value of p appropriately, 
deduce that a(G) > n?/4m, provided that m > n/2. 


13.2.6 Let G = (V, F) be a simple graph. 


a) If m = n, show that G contains a 3-path unless it has a specific structure. 
b) Deduce that G contains at least m— n 3-paths. 
c) If m > 3n/2, show that G contains at least 4m3/27n? 3-paths. 
(R. PINCHASI AND M. SHARIR) 
d) By adopting the same approach, and appealing to Exercise 4.1.9b, show that 
if m > kn, where k is a positive integer, then G contains at least k~*m* /n*—1 
copies of every tree on k + 1 vertices. 


13.2.7 


a) Let G := (V,E) be a graph. Consider a random 2-colouring of V. Show that 
the expected number of edges of G whose ends receive distinct colours is m/2. 
b) Deduce that every (loopless) graph G contains a spanning bipartite subgraph 


F with e(F) > $e(G) (compare Exercise 2.2.2a). (P. Erp6s) 


13.2.8 Let G = (V,E) be a complete graph on n vertices. Consider the proba- 
bility space (2, P), where 2 is the set of orientations of G, all orientations being 
equiprobable (thus each occurring with probability 2-%, where N := (Cy): An 
element of this space is called a random tournament. 


a) Show that the expected number of directed Hamilton paths in a random tour- 
nament is 2~("—Dn! 

b) Deduce that, for all n > 1, there is a tournament on n vertices which has at 
least 2-("-)n! directed Hamilton paths. (T. SZELE) 
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13.2.9 A hypergraph is 2-colourable if there is a 2-colouring of its vertex set with 
respect to which no edge is monochromatic. 


a) Show that the Fano hypergraph is not 2-colourable and is minimal with respect 
to this property. 
b) Let H := (V,F) be a k-uniform hypergraph. 
i) Consider a random 2-colouring of V. For each edge F’ of H, denote by Ar 
the event that F is monochromatic. Show that P(A) = 21~*. 
ii) Deduce that if |F| < 2*~1, then H is 2-colourable. (P. ERDOs) 
c) By considering an appropriate hypergraph defined on the edge set of Ky, 
deduce from (b)(ii) that if (”)2'~@) <1, then r(k,k) > n. 


ee 
13.2.10 Let G = (V, E) be a graph. 


a) Let o be a linear ordering of V. For x,y € V, write « <, y if x precedes y in 
the ordering o. Show that S, := {v © V: au <<, y for all y € N(x)} is a stable 
set of G. 

b) Consider a random linear ordering o of V. For each vertex v, let X, be the 
indicator random variable for the event v € S,. Show that E(X,) = 1/(d(v) + 
1), where d(v) is the degree of v. 

c) Determine E(X), where X := Do ey Xv. 

d) Deduce that a(G) > do cy 1/(d(v) + 1). 

e) Prove that equality holds in (d) if and only if G is a disjoint union of complete 
graphs. 

f) Deduce Turdn’s Theorem (12.3). (N. ALON AND J. SPENCER) 


*13.2.11 Let n be a positive integer. For0 <k <n, set f(k) := (n)2-(2), 


a) Denote by k* the least value of & for which f(k) is less than one. Show that: 
i) k* < [2logyn] < k* + log, k* —1, 
ii) f(k* +1) -Oasn-~, 
iti) f(kY) < f(k* —1), 
iv) f(k* — 2) > n/4 for k* > 2. 
b) Deduce from (a)(i) and (a)(ii) that: 
i) if GE G,1/2, then almost surely a(G) < [2log, n], 
ii) the Ramsey number r(k, k) is at least 2*/?, (P. ERD6s) 


(13.2.12 A dominating set in a graph G := (V,E) is a subset S' of V such that 
each vertex of G either belongs to S or is adjacent to some element of S; that is, 
SUN(S) = V. Let G = (V, FE) be a graph with minimum degree 0, and let S be 
a random subset of V obtained by selecting each vertex of G independently with 
probability p. Set T:= V\ (SU N(S)). 


a) Show that: 
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iii) SUT is a dominating set of G. 
b) Deduce that G contains a dominating set of at most (log(é + 1) + 1)n/(6 + 1) 
vertices. 


13.2.13 


a) i) Let F := {(Xi, Yi): 1<i< mb} bea family of pairs of sets such that: 
> |X;|)=kand|Y¥,)=2,1<i<m, 
> X,Y; =0 if and only if 4 = j. 
By considering a random linear ordering of the set U%%,(X; U Y;), show 
that m < (**4). (B. BOLLoBAs) 
ii) Give an example of such a family F with m = ae 
b) i) Suppose that each edge-deleted subgraph of a graph G has more stable 
sets on k vertices than G itself. Using (a), show that m < ("~4*7). 
ii) Give an example of such a graph G with m = Co), 
(13.2.14 Let G := G[Vi, Vo,..., Ve] be a k-partite graph on n vertices. Denote by 
d,; the density d(V;,V;) (as defined in Section 12.4), and by d;, the smallest value 
of d such that every k-partite graph in which all densities d;; are greater than d 
contains a triangle. 


a) By considering the graph derived from Ky, by deleting a perfect matching, 
prove that d, > 4 for all k > 3. 

b) A transversal of G is a set SC V such that |SOVj;| = 1 for alli, 1 <7 <k. Let 
S be a transversal obtained by selecting one vertex from each set V; uniformly 
and at random. Denote by X the number of edges of G[S], and by X;,; the 
number of edges of G[S] linking V; and V;. Prove that E(X;;) = di; and that 
E(X) = Lisicj<k dij. 

c) Deduce that G has a transversal with at least >7)<;.;<, dij edges. 

d) By applying Turan’s Theorem (12.3), conclude that dj, > 5 as k > ov. 

(J.A. Bonny, J. SHEN, S. THOMASSE, AND C. THOMASSEN) 


13.2.15 Let t be a positive integer. Set k := 2t, n := 2t?, and p := oC 
Consider a set V of n elements and a 2-colouring c of V. 


a) Let S be a random k-subset of V. Denote by Ag the event that the colouring 
c assigns the same colour to all vertices of S. Show that P(Ag) > p. 

b) Let F be a family of m random k-subsets of V. Denote by Ax the event that c 
is a proper 2-colouring of the hypergraph (V, F). Show that P(A) < (1—p)”. 

c) Deduce that there exists a non-2-colourable hypergraph (V,F) with |V| = n 
and |F| = [nlog2/p]. 

d) Estimate p by using the asymptotic formula, valid for k ~ yn'/? (7 being a 


positive constant): 
k 
n _ Men k/an 
k k! 


e) Deduce that there exists a non-2-colourable k-uniform hypergraph H := (V, F) 
with |V| = k?/2 and |F| < ak?2*, for some constant a. 
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13.2.16 THE LYM INEQUALITY AND SPERNER’S THEOREM 
A clutter is a hypergraph no edge of which is properly contained in another. 


a) Let (V,F) be a clutter on n vertices. Consider a random permutation o of V. 
For F' € fF, let Ar denote the event that the first |F'| symbols of o are precisely 
the elements of F’. Show that: 

i) the events Ar, F € Ff, are pairwise disjoint, 
ii) if |F| =k, then P(Ar) = 1/(§). 

b) Deduce: 

i) The LYM Inequality: if (V,F) is a clutter on n vertices, where n > 1, and 
fem {PeF 1|F| =k), 1A kx 8, then ¥ fy Fel/() <1, 

(D. LuBELL; K. YAMAMOTO; I.D. MESHALKIN) 

ii) Sperner’s Theorem: for all n > 1, a clutter on n vertices has at most (nya) 

edges. (E. SPERNER) 

c) For all n > 1, give an example of a clutter on n vertices with exactly (ins ) 
edges. 


13.2.17 THE ErpD6s—Ko-RADO THEOREM 
Let (V,F) be an intersecting k-uniform hypergraph, where V := {1,2,...,n} and 
n > 2k. 


a) Set Fy := {i,04+1,...,i+k-—1}, 1 <i <n, addition being modulo n. Show 
that F contains at most k of the sets F;, 1 <i<n. 
b) Consider a random permutation o of V and a random element i of V, and set 
F := {o(t),o(i+1),...,00@+k-1)}. 
i) Deduce from (a) that P(F € F) < k/n. 
ii) Show, on the other hand, that P(F € F) =|F|/(;). 
c) Deduce the Erdés—Ko-—Rado Theorem: an intersecting k-uniform hypergraph 
on n vertices, where n > 2k, has at most (77) edges. | (G.O.H. Katona) 
d) For n > 2k and k > 1, give an example of an intersecting k-uniform hypergraph 
on n vertices with exactly Co) edges. 
13.2.18 THE COUNTABLE RANDOM GRAPH 
Consider a random graph G on a countably infinite set of vertices in which each 
potential edge is selected independently with probability 5. Show that: 


a) with probability one G satisfies the following adjacency property: given any 
two disjoint finite sets X and Y of vertices of G, there exists a vertex z which 
is adjacent to every vertex of X and to no vertex of Y, 
b) any two countable graphs satisfying the above property are isomorphic. 
(P. ErnDOs AND A. RENYI; R. RADO) 


(The unique countable graph which satisfies this adjacency property is called 
the Rado graph or countable random graph; many of its remarkable properties are 
discussed by Cameron (1997, 2001).) 
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13.3 Variance 


For a random variable X, it is often useful to know not only its expectation E(X) 
but also how concentrated is its distribution about this value. A basic measure of 
this degree of concentration is the variance V(X) of X, defined by 


V(X) := E((X — E(X))’) 


Thus the smaller the variance, the more concentrated is the random variable about 
its expectation. 
The variance is evidently nonnegative. Using linearity of expectation, it can be 
expressed in the form 
V(X) = E(X*) — E*(X) 
In particular, if X is an indicator random variable, then E(X?) = E(X), so 
V(X) = E(X) — BP(X) < E(X). 


CHEBYSHEV’S INEQUALITY 


The following inequality bounds the divergence of a random variable from its mean. 
It plays, in some sense, a complementary role to that of Markov’s Inequality. 


Theorem 13.7 CHEBYSHEV’S INEQUALITY 
Let X be a random variable and let t be a positive real number. Then 


P(|X—E(X)| 214) < 


Proof By Markov’s Inequality, 


P(|X — E(X)| > t) = P((X—E(X))? > ®) < = 


Chebyshev’s Inequality is frequently applied in the following form. 


Corollary 13.8 Let X,, be a random variable in a probability space (Qn, Pn), n > 
1. If E(Xn) #0 and V(X,) « E?(X,), then 


P(X, =0) -0 asn—- co 


Proof Set X := X,, and t := |E(X,,)| in Chebyshev’s Inequality, and observe 
that P(X, =0) < P(|Xn — E(Xn)| > |E(Xn)|) because |X, — E(X,)| = |E(Xn) 
when X,, = 0. 


Let us illustrate the use of Chebyshev’s Inequality by considering triangles in 
random graphs. Let G € Gy» be a random graph. We showed earlier, with the 
aid of Markov’s Inequality, that G almost surely is triangle-free when pn — 0. We 
prove here, on the other hand, that if pn — oo, then G almost surely has at least 
one triangle. 
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As before, we denote by Ag the event that G[S] is a triangle, where S is a 
3-subset of V, and by Xg the indicator random variable for Ag. As before, we set 


X:=)°{Xs: SCV, |S| = 3} 


so that X is the number of triangles in G. Recall that E(X) = (3)p?. We now 
apply Corollary 13.8. The following concept is useful in this regard. 


The covariance C(X,Y) of two random variables X and Y is defined by 
C(X,Y) := E(XY) — E(X)E(Y) 


Because X is a sum of indicator random variables X 9g, its variance can be bounded 
in terms of covariances as follows (Exercise 13.3.1). 


V(X) < E(X) + S° C(Xs, Xr) (13.8) 
SAT 


The value of C(Xs,X7r) depends only on |S T]. If either |S 9 T| = 0 or 
|S 9 T| =1, then G[S] and G[T] can have no common edges, so E(Xs Xr) = p® = 
E(Xs)E(Xr) and C(Xs, Xr) = 0. However, if |S T| = 2, then G[S] and G[T] 
have one potential edge in common, so C(Xs5, Xr) = E(XsX7r)—E(Xs)E(Xr) = 


p° — p®. There are (})(n — 2)(n — 3) such pairs (S,T). Thus 


V(X) < E(X) + S0 C(Xs, Xr) < (3) + (5) (n — 2)(n — 3)p® 


SAT 


It follows that if pn — oo, then V(X)/E?(X) > 0 as n — ov. Corollary 13.8 now 
tells us that P(X = 0) > 0 as n — ov; in other words, G almost surely has at 
least one triangle. 

The bound in Chebyshev’s Inequality can be sharpened significantly when the 
random variable X has a particular structure, for instance when X is a sum of 
independent random variables X;, 1 < i <n, such that P(X; = +1) = P(X; 
—1) = 1/2 (see Exercise 13.3.4). 


STABILITY NUMBERS OF RANDOM GRAPHS 


We showed in Theorem 13.6 that a random graph in G,,,, almost surely has stability 
number at most [2p~'logn]. We also noted that this bound can be refined to 
[2 log, n] when p = $ (see Exercise 13.2.11). Here we use Corollary 13.8 to derive 
a very much sharper result, due independently to Bollobaés and Erdés (1976) and 


Matula (1976). 


Theorem 13.9 Let G € Gnijo. ForO <k <n, set f(k) := (”)a-G) and let k* 
be the least value of k for which f(k) is less than one. Then almost surely a(G) 
takes one of the three values k* —2,k* —1,k*. 
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Proof As in the proof of Theorem 13.6, let Xs denote the indicator random 
variable for the event Ag that a given subset S of V is a stable set of G, and set 
X:=D{Xs: SCV, |S| =k} so that E(X) = f(k). Almost surely a(G) < k* 
(Exercise 13.2.11b). Consequently, by virtue of Corollary 13.8, it will suffice to 
prove that V(X) < E?(X) when k = k* — 2. We assume from now on that k takes 
this value. By Exercise 13.2.1la, we have: 


k<2logyn and f(k) >n/4 (13.9) 
As above, we bound the variance V(X) by applying inequality (13.8). 
Let S and T be two sets of k vertices. The value of the covariance C(X5, Xr) 


depends only on |SMT]. If either |S T| =0 or |SNT| = 1, then C(Xg, Xr) =0 
because no edge has both ends in SOT. If |SQN7| = 7%, where 2<i<k-—1, then 


C(Xs, Xr) < E(XsXr) = P(Ag M Ar) = 9(2)-2(3) 


There are (;') choices for S, (*) choices for SN 7’, and C2) choices for T. Thus, 
by inequality (13.8), 


SS (n\ (k\ (n—k\ (4) _9(# 
(2)-2(2) 
V(X) < E(X)+ 2a) < E(X)+ > @ .) (‘ - a 
Because E(X) < E?(X), it remains to show that 


¥ (2) (2) Ga22029 < we = (f) 78 


i= 


or equivalently that 
-1k-1 
4 S— gi) —0 asn— oo (13.10) 


where 
We have: 


and, for2<i<k-—2, 


gai+l) _ (k — i)?2* P nn es ke 
g(i) (G+1)(n—2k+i+1) ~i(n—2k) \i/ \n—-2k 
Set t := |clog,n|, where 0 < c < 1. Then, for 2 <i <¢t—1 and n sufficiently 
large, 
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: t 2 c 2 c 
gt + 1) 2 2 k 2 n (2 log, n) __4n logs n <1 
g(t) t n— 2k cloggn/ \n—A4logyn c(n — 4logy n) 


ae n\— tk* 
(1) S- g(i) <t(2) g(2) ~ 7 > 0 as n — co (13.11) 
1=2 


We now consider the remaining terms of the sum in (13.10). We have: 


k-1 R-1 1) fp 5 @) (! k-1 ‘ ack as ee 
= 9 =? g— (k-1) (k+i— 
ba |e am 
t=t+1 t=t+1 t=t+1 
k-t-1 
=2) 7 (‘) (" 7 ee 
a eee 
wy Bote} j 
< 202) $7 (k(n — R)2- +972) 
j=l 
In order to bound the right-hand side, we use the fact that k*+logy k*—-1 > 2logyn 
Exercise 13.2.1la) and hence that 2~*/? < (2k + 4)!/2n—1!. We deduce that for n 
( ) 
sufficiently large, 


k(n — k)Q—(k+8)/2 < k(n —k)(2k+ 4)1/2y 1 py—e/2 <j 


and so = 
S~ afi) < 2)(k —t-1) 


i=t+1 
Using the bound (13.9) on f(k), we now have: 


(:) Xa Fe (7) 20 t-1)= u 7G} Dyes qpres (13.12) 


The limits (13.11) and (13.12) imply (13.10). 


Theorem 13.9, striking though it is, can be sharpened still further, to a ‘two- 
point’ concentration theorem (Exercise 13.3.2). 


Corollary 13.10 Let G € Gy1/2, and let f and k* be as defined in Theorem 13.9. 
Then either: 


1. f(k*) <1, in which case almost surely a(G) is equal to either k* —2 or k* —1, 
or 

2. f(k* —1) > 1, in which case almost surely a(G) is equal to either k* — 1 or 
Ke 


Observe that if f(k*) <1 and f(k* — 1) > 1, then Corollary 13.10(i) and (ii) 
together imply that almost surely a(G’) = k* — 1. This is indeed the case for most 
values of n. 
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Exercises 


*13.3.1 Let X = )7i_, X; be a sum of random variables. 


a) Show that V(X) = 71 V(Xi) + Vig, C(Xi, X5). 
b) Deduce that if the X; are indicator random variables, then V(X) < E(X) + 
ids C(X%i, Xj). 


*13.3.2 Using Exercise 13.2.1 la(iii), deduce Corollary 13.10 from Theorem 13.9. 


ee 
13.3.3 


a) Show that, for every positive integer n and every real number p € (0, 1], there 
exists a graph on n vertices with at most (np)? triangles and stability number 
at most [2p~' log n]. 

b) Deduce that the Ramsey number r(3,k) satisfies the inequality r(3,k) > n— 
(np)® for every positive integer n and every real number p € (0,1), where 
k = [2p logn] +1. 

c) Deduce, further, that r(3,k) > 2n/3, where k = [2p~'logn] +1 and pt = 
31/3 72/3. 

d) Conclude that r(3,k) > c(k/log k)?/? for a suitable positive constant c. 
(It is known that c,k?/logk < r(3,k) < cgk*/logk for suitable positive con- 
stants cy and cg. The lower bound is due to Kim (1995), the upper bound to 
Ajtai et al. (1980).) 


13.3.4 CHERNOFF’S INEQUALITY 
Let X;, 1 < i <n, be independent random variables such that P(X; = +1) = 
P(X; = -1) =1/2,1<i<n, and let X:= 0", X. 


a) Show that: 
i) for any real number a, the random variables e°**, 1 < i < n, are indepen- 
dent, 

ii) B(e%**) < e/2,1 <i<n. 

b) Deduce that E(e%*) < e°"/?, 

c) By applying Markov’s Inequality and choosing an appropriate value of a, derive 
the following concentration bound, valid for all t > 0, known as Chernoff’s 
Inequality. 


Px See (H. CHERNOFF) 


13.3.5 Let H := (V,F) be a hypergraph. Given a 2-vertex-colouring c : V => 
{+1,-1} of H, set c(F) := So{c(v) : v © F}, F € F. The discrepancy of the 
colouring c is the maximum value of |c(F’)| taken over all edges F' of H. (The 
discrepancy is thus a measure of how far the colouring is from being ‘balanced’.) 
By applying Chernoff’s Inequality (Exercise 13.3.4), show that every hypergraph 
with n vertices and n edges has a 2-vertex-colouring whose discrepancy is at most 
(2n log 2n)/?. 
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13.3.6 Let T be a tournament with vertex set V := {1,2,...,n}. Given an ordering 
ao of V and an arc a = (i,9) of T, define f(a,o) := +1 if afi) < o(j) and 
f(a,o) := —1 if o(t) > o(j). Now set f(T, co) := Do{f(a,o): a € A(T)}. The fit of 
T is the maximum value of f(T,o), taken over all orderings o of V. (Thus the fit 
of a tournament is a measure of how close it is to being a transitive tournament, 


whose fit is equal to (5).) By applying Chernoff’s Inequality (Exercise 13.3.4), 


show that there is a tournament on n vertices whose fit is at most (n? log n)!/?. 
(J. SPENCER) 


13.3.7 . Let G = G[X, Y] be a random bipartite graph obtained by selecting each 
edge zy with « € X and y € Y independently with probability p. Let « be a 
positive real number. Show that, almost surely: 


a) |d(X,Y) —pl <e€ 
b) (X,Y) is a regular pair (as defined in Section 12.4). 


13.4 Evolution of Random Graphs 


‘THRESHOLD FUNCTIONS 


We have seen that the behaviour of a random graph G' € Gy, changes abruptly 
at the threshold p = n7!: if p < n7!, then G almost surely has no triangles, 
whereas if p >> n~!, then G almost surely has at least one triangle. The function 
n~! is called a threshold function for the property of containing a triangle. More 
generally, if P is any monotone property of graphs (one which is preserved when 


edges are added), a threshold function for P is a function f(n) such that: 


> ifp< f(n), then G €G,,» almost surely does not have P, 
> if p> f(n), then G €G,,» almost surely has P. 


Note that we say ‘a threshold function’, and not ‘the threshold function’. This is 
because the function is not unique. For example, 10!°n~! and n-! + n~? are also 
threshold functions for the property of containing a triangle. 


BALANCED GRAPHS 


It turns out that every monotone property of graphs has a threshold function 
(Exercise 13.4.1). For instance, if F is a fixed graph, there is a threshold function 
for the property of containing a copy of F' as a subgraph. We determine such a 
function in the special case where F is balanced, that is, where the average degrees 
of the proper subgraphs of F’ do not exceed the average degree d(F’) = 2e(F’)/v(F) 
of the graph F itself. Balanced graphs can be recognized in polynomial time (see 
Exercise 21.4.5 and its hint). They include trees and regular graphs (for instance, 
cycles and complete graphs). 

The following theorem is due to Erdés and Rényi (1960). As in the case of 
triangles, the proof relies on both Markov’s Inequality and Chebyshev’s Inequality. 
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Theorem 13.11 Let F be a nonempty balanced graph with k vertices and | edges. 
Then n—*/" is a threshold function for the property of containing F as a subgraph. 


Proof Let G € G,,y. For each k-subset S of V, let As be the event that G[S] 
contains a copy of F’, and let Xg be the indicator random variable for Ag. Set 


Ki=) [Xe S CV, |S| = k} 


so that X is the number of k-subsets which span copies of F’, and thus is no greater 
than the total number of copies of F' in G. 

We first bound the expectation of X. Consider a k-subset S' of V. If G[S] 
contains a copy of F’, there is a bijection f : V(F) > S such that f(u)f(v) is an 
edge of G[.S] whenever uv is an edge of F’. The probability that all these | edges 
f(u)f(v) are present in G[S] is p'. Thus E(Xg) = P(Ag) > p!. On the other hand, 
because there are k! bijections f : V(F’) — S, hence k! possible copies of F in G[S] 
in all, E(Xg) < k!p!. (The inequality arises here because copies of F in G[S] may 
have edges in common, so are not independent.) By linearity of expectation and 
Exercise 13.2.1a, it follows that 


nk p! n\ | n . 
=< < < Ip! < n¥p! 
ae ({,)e < E(X) < (;,) a < np (13.13) 


If p< n—*/!, then E(X) < n*®p! — 0 as n — oo and, by Markov’s Inequality, G 
almost surely contains no copy of F’. 

We now bound the variance of X with the aid of (13.8). As before, the value 
of C(Xg, Xr) depends only on |S T|. If |S A T| = 0 or |SNT| = 1, then again 
C(Xs5,Xr) = 0. If |S T| = i, where 2 < i < k—1, then each copy Fg of F in 
G[S] meets each copy Fr of F' in G[T] in i vertices. Because F' is balanced, the 
intersection F's Fr of these two copies of F’ has at most il/k edges, so their union 
Fs U Fr has at least 21 —(il/k) edges. The probability that both copies are present 
in G is therefore at most p?!~‘/*), Because there are k! possible copies F's of F 
in G[S] and k! possible copies Fr of F in G[T], 


C(X5, Xr) < E(XgX7) = P(AgN Ar) < (k!)?p2!-@/*) 


Altogether, there are (”)("—*) pairs ($,T) of k-subsets with |S T| = i. Since 
(j) Sm! and (R23) < nk", 


k— k-1 
SAT i=2 i=2 


If p > n-*/!, then (np'/*)-* — 0 for i > 1. 
nkp! /k*® — oo as n > oo. Thus E(X) « E?(X 
equalities (13.8) and (13.14) now yield: 


Mo ae by ae E(X) > 
) and (n*p!)? < k?*E?(X). In- 


V(X) < E(X) + $° C(Xs, Xr) « E?(X) 
SAT 
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Applying Corollary 13.8, we conclude that the random graph G almost surely 
contains a copy of F’. 


THE GIANT COMPONENT 


Erdés and Rényi (1960) showed that as the probability p := p(n) increases (while n 
stays fixed), a typical random graph G € G,,,, passes through a number of critical 
phases during which its structure changes abruptly. Besides being very interesting 
in itself, an understanding of this behaviour can be of great help when applying 
the probabilistic method. We are content here to give a broad description of the 
phenomenon without entering into the intricate technical details. 

Choosing F' to be a tree on k vertices in Theorem 13.11, we see that n 
is a threshold function for G to contain such a tree. Because the number of non- 
isomorphic trees on k vertices is certainly less than k*~? (the number of labelled 
trees, Theorem 4.8), this implies that when p< n—*/(E-)) G has no component 
on k or more vertices (as such a component would contain a tree on k vertices), 
but when p >> n7*/(k-)), G has such components. Moreover, these components 
are trees because, again by Theorem 13.11, cycles only appear at the threshold 
p=1/n. Therefore, at p = n-*/(-)) | G is a forest all of whose components have 
at most k vertices. These components become larger and larger as k increases. By a 
more sophisticated probabilistic analysis using branching processes, one can show 
that when p = c/n with c < 1, the largest component of G has size roughly log n, 
whereas at p = 1/n it already has size about n?/*, and there are many components 
of this size. When p = c/n with c > 1, another major transformation takes place, 
with the emergence of a ‘giant component’ containing a positive fraction of all n 
vertices. This dramatic change at the threshold p = 1/n is referred to variously as 
the Double Jump or the Big Bang. 

Another remarkable evolution occurs at the threshold p = logn/n. At this 
stage, G may still have isolated vertices (Exercise 13.4.2). When these disappear, G 
becomes connected and then, almost immediately, hamiltonian (see Section 18.5). 

For a thorough account of the evolution of random graphs, we refer the reader 
to Bollobads (2001) or Janson et al. (2000). 


—k/(k-1) 


Exercises 


ee 


13.4.1 Let P be a monotone property of graphs. Assume that P is nontrivial, so 
that for large n, K,, does not have P whereas K,, does have P. 
a) Set P(p) := P(G € Gy» has P). 
i) Show that, for every fixed large n, P(p) is a monotone increasing polyno- 
mial in p satisfying P(0) = 0 and P(1) = 1. 
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ii) Deduce that, for every r, 0 < r < 1, there is a p, 0 < p < 1, such that 
P(p) =r. 
b) Suppose that P(G € Gp has P) = r. Let Gi € Gn,» be independent members 
of Gnyp, 1 <i<k. Show that: 


P(G € Gn kp has P) > P(U#,G; has P) 
> P(G; has P for some i,1 <i<k)=1-(1-r)* 


c) For large n, let f(n) satisfy P(G € Gn fin) has P) = 1/2, and suppose that 
k(n) satisfies f(n)k(n) < 1. Show that: 


P(GeE Gn f(n)/k(n) has P) < 1/k(n) 


and that 


1 
P(GeE Gn, f(n)k(n) has P) > 1— 5K 


d) Conclude that f(n) is a threshold function for P. (N. ALon) 


13.4.2 Let G € G(n, p). 


a) Calculate E(X) and V(X), where X is the number of isolated vertices of G. 

b) Suppose that p = (logn + f(n))/n, where f(n) — oo as n — oo. Show that 
almost surely G' has no isolated vertices. 

c) Suppose that p = (logn — f(n))/n, where f(n) — co as n — oo. Show that 
almost surely G' has at least one isolated vertex. 

d) Obtain similar estimates on p for the nonexistence or existence (almost surely) 
of vertices of degree one in G. 


13.4.3 Let G € G(n,p). 


a) Calculate E(X), where X is the number of spanning trees of G. 
b) Determine a function p := p(n) such that F(X) — co and P(X = 0) > Las 
n— 00. 


c) Conclude that, for this function p(n), E?(X) % E(X?). 


13.5 The Local Lemma 


In this section, we discuss an important and much used probabilistic tool known as 
the Local Lemma. In order to motivate it, let us consider the problem of colouring 
a graph G in k colours. We would like to know if G has a proper k-colouring. A 
naive approach would be to randomly colour G in & colours and then examine 
whether this random k-colouring is a proper colouring. This will be the case if the 
ends of each edge of G receive distinct colours. Therefore, if we denote by A; the 
event that the ends of e are assigned the same colour, we are interested in the 
probability P(N-ec Ac) that none of these ‘bad’ events occurs. If we can show that 
this probability is positive, we have a proof that G is k-colourable. 
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More generally, let {A; : i € N}, be a set of events in a probability space 
(2,P), where N := {1,2,...,n}. We regard these events as undesirable or ‘bad’ 
events, and are interested in the probability that none of them occurs, namely 
P(Mienw Aj). This probability will be positive if the events A; are independent and 
each occurs with probability less than one, because then (see Exercise 13.2.2) 


P(NienAi) = [] P(A) = [[G- P(A) > 0 


ie N iEN 


Usually, however, the events under consideration are not independent. In the above 
example, for instance, if e, f, and g are the edges of a triangle and k > 2, 


P(A.N Ap N Ay) =k? > k-? = P(A.) P(A) P(Ag) 


But all is not lost. Erdés and Lovasz (1975) showed that the probability P(Njey Ai) 
will still be positive provided that the events A; occur with low probability and 
are, to a sufficient extent, independent of one another. 

It is convenient to adopt the following notation. If {A; : i € S} is a set of 
events, we denote their intersection Nicg A; by Ag. Using this notation, an event 
A; is independent of a set of events {A; : 7 € J} if, for all subsets S of J, 
P(AjN As) = P(A;)P(As). 


Theorem 13.12 THE LocAL LEMMA 
Let A;, i € N, be events in a probability space (2, P), and let N;, 1 © N, be subsets 
of N. Suppose that, for allie N, 


i) A; is independent of the set of events {A; : 7 ¢ Ni}, 
it) there exists a real number p; such that 0 < pj <1 and P(A;) < p; Hien, (1 — 
pj) 
Set Bj := Aj, ic N. Then, for any two disjoint subsets R and S of N, 
P(BrO Bs) > P(Br) [[G- pi) (13.15) 
iES 
In particular (when R= and S = N) 
P(MienAi) > [[—pi) > 0 (13.16) 
tEeN 


Remark 13.13 When the events A; are independent, the quantities p; in condition 
(ii) of the Local Lemma can be regarded as probabilities. When the A; are not inde- 
pendent, each such ‘probability’ is reduced by a ‘compensation factor’ |[jen, (1—p;), 
according to the ‘probabilities’ p; of the events upon which A; is dependent. 


Proof We prove (13.15) by induction with respect to the lexicographic order of 
the pair (|RU S],|5]). 
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If S=@, then Bs = 2 and [],<5(1 — p:) = 1, so 
P(BrO Bs) = P(Br) > P(Br) [JQ — pi) 
ies 


If S = {i}, then Bs = B; and [J] ,¢5(1 — pj) = 1 — py. Setting Ri := R\ Nj and 
S, := RN Nj, we have: 


P(A;N Br) < P(A; N Br,) = P(A;)P(Bp,) 
By assumption, and the fact that S; C Nj, 


P Ay) <p; II (1—p;) <p: ][ G-») 


GEN; JES 


Because |R1| + |Si| = |R| <|R| + |S], we have by induction, 


P(Br,) [| Q—7,;) < P(Br, 1 Bs,) 
JES 


Therefore, 
P(A; Br) < pi P(Br, 1 Bs,) = pi P(Br) 


and so 


P(BrO Bs) = P(BrN B;) = P(Br) — P(A; N Br) 
2 P(Br) — pi P(Br) = P(Br)(1 — pi) 


If |S| > 2, we set Ry US) := S, where Ry NS; = 9 and Ri, S$; 49. Then 
P(BRO Bs) = P(BRN Briyus,) = P(BRN Br, 1 Bs,) = P(Brur, 1 Bs,) 


We now apply induction twice. Because |$1| < |S, 
P(Brur, 9 Bs,) > P(Brur,) [[ Q—- pi) = P(BrO Br) [] 0-3) 
4t€ 81 ES, 
and since |RU Ri| < |RU SI, 
P(BrO Br,) > P(Br) [[ d-pi) 
tER, 


Therefore 


P(BRrO Bs) = P(Br) [[ Q-p) [[ Q-p) = P(Br) [TO - 


dE Ry 4E Sy iEeS 


Given events A;,i € N, ina probability space, and subsets N; of N such that A; 
is independent of {A; : 7 ¢ Ni}, one may form the digraph D with vertex set N and 
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arc set {(7,7):7€ N, 7 © N;}. Such a digraph is called a dependency digraph (or, 
if symmetric, a dependency graph) for {A; : i € N}. For instance, in our colouring 
example the event A, is clearly independent of {Ay : f nonadjacent to e}. Thus 
the line graph of G is a dependency graph for {A, : e € E}. In general, there are 
many possible choices of dependency digraph (or graph) for a given set of events; 
usually, however, one natural choice presents itself, as in this illustration. 

For many applications, the following simpler version of the Local Lemma, in 
which the probabilities of the events A; have a common upper bound, is sufficient. 
(Here e denotes the base of natural logarithms.) 


Theorem 13.14 THE LOCAL LEMMA — SYMMETRIC VERSION 

Let A;, i € N, be events in a probability space (2,P) having a dependency 
graph with maximum degree d. Suppose that P(A;) < 1/(e(d+1)), ie N. Then 
P(Nicw Ai) > 0. 


Proof Set p; :=p, i € N, in the Local Lemma. Now set p := 1/(d+1) in order to 
maximize p(1—p)¢ and apply the inequality (d/(d+1))¢ = (1—1/(d+1))4 > e7}. 


Two-COLOURABLE HYPERGRAPHS 


Although the proof of the Local Lemma is rather subtle, applying it is frequently a 
routine matter. We give three examples. Whereas the one below is straightforward 
(it was, in fact, one of the original applications of the lemma in Erdés and Lovasz 
(1975)), the others require additional ideas. 

Theorem 13.15 Let H := (V,F) be a hypergraph in which each edge has at least 
k elements and meets at most d other edges. If e(d +1) < 2*—1, then H is 2- 


colourable. 


Proof Consider a random 2-colouring of V. For each edge F’, denote by Ar the 
event that F is monochromatic. Then P(Ar) = 2-27" = 2!~*. The result now 
follows from Theorem 13.14. 


Corollary 13.16 Let H := (V,F) be a k-uniform k-regular hypergraph, where 
k>9. Then H is 2-colourable. 


Proof Set d:=k(k—1) in Theorem 13.15. 


EVEN CYCLES IN DIRECTED GRAPHS 


The disarmingly simple question of which digraphs contain directed cycles of even 
length turns out to be surprisingly hard to answer. Indeed, it remained open for 
many years before being settled both by McCuaig (2000) and by Robertson et al. 
(1999). On the other hand, by a clever application of the Local Lemma, Alon 
and Linial (1989) showed very easily that all diregular digraphs of sufficiently 
high degree contain such cycles. (Note that the 3-diregular Koh—Tindell digraph 
of Figure 1.26a has no directed even cycles.) 
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Theorem 13.17 Let D be a strict k-diregular digraph, where k > 8. Then D 
contains a directed even cycle. 


Proof Consider a random 2-colouring c of V. For each vertex v of D, denote 
by A, the event that c(u) = c(v) for all uw € Nt(v). For each colour i, we have 
P(Ay) = P(A, | c(v) = i) = 274. Thus A, is independent of all A, such that 
({u} U Nt(u)) A N*(v) = 0. Setting d := k? in Theorem 13.14, it follows that 
there is a 2-colouring of V in which each vertex has an outneighbour of the opposite 
colour. With respect to this colouring, let uwPv be a maximal properly 2-coloured 
directed path, and let w be an outneighbour of v of the opposite colour. The 
directed cycle wPvw is then a cycle of even length in D. 


LINEAR ARBORICITY 


A linear forest in a graph G = (V,£) is a subgraph each component of which 
is a path. Particular instances are Hamilton paths and 1-factors. Our aim here 
is to decompose a graph G into as few linear forests as possible. This number is 
called the linear arboricity of G, denoted la(G). In the case of a complete graph 
Kn, the linear arboricity is equal to n, because K2, admits a decomposition into 
Hamilton paths (Exercise 2.4.5). For an arbitrary graph, the linear arboricity is 
bounded above by the edge chromatic number, the minimum number of 1-factors 
into which the graph can be decomposed. We show in Chapter 17 that this number 
is at most A+ 1 for any simple graph G. On the other hand, a lower bound for 
the linear arboricity can be obtained very simply, by counting edges. For example, 
if G is 2r-regular, then m = rn and, because no linear forest has more than n — 1 
edges, 

rm 


la(G) > q =rt+l1 (13.17) 


n— 
We shall apply the Local Lemma to show that this lower bound is tight for 2r- 
regular graphs of large enough girth. This result, due to Alon (1988), is based on 
the following lemma. 


Lemma 13.18 Let G = (V,E) be a simple graph, and let {Vi,V2,...,Ve} be a 
partition of V into k sets, each of cardinality at least 2eA. Then there is a stable 
set S in G such that |SOV;)=1,1<i<k. 


Proof By deleting vertices from G if necessary, we may assume that |V;| = ¢ :-= 
[2eA], 1 <i<k. We select one vertex v; at random from each set V;, 1 <i <k, 
and set S' := {v1,v2,-.-,Un}-. 

For an edge e of G, let A. denote the event that both ends of e belong to S. 
Then P(A.) = 1/t? for all e € E, and A, is dependent only on those events Af 
such that an end of f lies in the same set V; as an end of e. There are fewer than 
2tA such events. Setting d:= 2tA—1 in Theorem 13.14, we see that with positive 
probability the set S is stable, provided that 1/t? < 1/(e2tA); that is, t > 2eA. 
Because t = [2eA], we conclude that there does indeed exist such a stable set S. 
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Theorem 13.19 Let G = (V,E) be a simple 2r-regular graph with girth at least 
2e(4r — 2). Then la(G) =r +1. 


Proof By (13.17), we must show that la(G) < r+ 1. We make use of the fact 
that every regular graph of even degree admits a decomposition into 2-factors (see 
Exercise 16.4.16). 

Consider such a decomposition {F\, F2,...,F,} of G, and let Cj, 1 <i<k, be 
the constituent cycles of these 2-factors. Set V; := E(C;), 1 <i < k. The line graph 
H of Gis (4r —2)-regular. Because G has girth at least 2e(4r — 2), {Vi, Vo,..., Ve} 
is a partition of V(H) into k sets, each of cardinality at least 2e(4r — 2). Applying 
Lemma 13.18 to H, we deduce that H has a stable set S meeting each set V; in 
one vertex. The subgraphs L; := F; \M,1<i<_r, are therefore linear forests in 
G, as is Lo := G/M], so {Lo, L1,..., L,} is a decomposition of G into r + 1 linear 
forests. 


We present an application of the asymmetric version of the Local Lemma in 
Chapter 18. 


Exercises 


13.5.1 


a) Suppose that e((5 Gry t)< 2(2) — 1. Show al r(k,k) >n 
b) Deduce that r(k, k) > ae where c > e~1 as k > o0. 


ee 


13.5.2 Let D be a strict digraph with maximum indeae A~ and minimum out- 
degree 6+. Suppose that e(A~d6+ + 1) < (k/(k —1))®’. Show that D contains a 
directed cycle of length congruent to 0 (mod &). (N. ALON AND N. LINIAL) 
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PROBABILISTIC MODELS 


In this chapter, we have focussed on properties of the probability space Gy», in 
which each edge is chosen independently with probability p. We have also encoun- 
tered the model in which each vertex of a particular graph is chosen independently 
with a given probability p. There are several other natural models of random 
graphs. For instance, one may consider the space G,,,m consisting of all labelled 
graphs on n vertices and m edges, each such graph being equiprobable. This is 
the model studied by Erdés and Rényi (1959, 1960) in their pioneering work on 
the evolution of random graphs. As might be expected, there is a close connection 
between the properties of Gnjm and Gn,» when p = m/(5). Another much-studied 
model is that of random k-regular graphs, introduced by Bollobds (1980). 
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In discussing the evolution of random graphs, the concept of a graph process 
is illuminating. Here, one starts with an empty graph on n vertices, and edges 
are added one at a time, each potential new edge having the same probability of 
being chosen. One is then interested in the time (as measured by the number of 
edges) at which the evolving graph acquires a particular monotone property, such 
as being connected, or hamiltonian. This is a very fine measure of the evolution of 
a random graph. It can be shown, for example, that almost surely a graph becomes 
connected as soon as it loses its last isolated vertex, and becomes hamiltonian as 
soon as all of its vertices have degree two or more; see Bollobas (2001). 

More recently, the Internet, molecular biology, and various other applied areas, 
have fuelled interest and research into diverse models of random graphs, designed 
specifically to reflect the particular structures and evolution of such Web graphs, 
biological networks and random geometric graphs; see, for example, Dousse et al. 
(2006), Kumar et al. (2000), or Leonardi (2004). 


SHARP THRESHOLD FUNCTIONS 


In order to gain a clearer picture of the behaviour of a random graph G € Gp» 
at a critical threshold such as p = (log n)/n, it is common to introduce and study 
sharper threshold functions. Erdés and Rényi (1960) showed, for example, that if 
p = (logn +c)/n, where c € R, then the probability that G is connected tends 
to e~© © as n tends to infinity. A thorough discussion of sharp threshold functions 
can be found in Bollobds (2001), Janson et al. (2000), or Palmer (1985). 


CONCENTRATION INEQUALITIES 


We have discussed in this chapter the most basic concentration bound, namely 
Chebyshev’s Inequality. Another such bound, Chernoff’s Inequality, is described 
in Exercise 13.3.4. There exist several variants of these bounds, and indeed many 
further concentration inequalities, each designed to handle a certain class of prob- 
lems. Azuma’s Inequality and Talagrand’s Inequality, for instance, are especially 
useful in connection with colouring problems. We refer the reader to Alon and 
Spencer (2000) or Molloy and Reed (2002) for the statements of these inequalities 
and examples of their application. 
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14.1 Chromatic Number 


Recall that a k-vertex-colouring, or simply a k-colouring, of a graph G = (V, £) 
is a mapping c: V — S, where S is a set of k& colours; thus, a k-colouring is an 
assignment of k colours to the vertices of G. Usually, the set S of colours is taken 
to be {1,2,...,k}. A colouring c is proper if no two adjacent vertices are assigned 
the same colour. Only loopless graphs admit proper colourings. 

Alternatively, a k-colouring may be viewed as a partition {Vi, V2,..., Ve} of V, 
where V; denotes the (possibly empty) set of vertices assigned colour i. The sets 
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V; are called the colour classes of the colouring. A proper k-colouring is then a 
k-colouring in which each colour class is a stable set. In this chapter, we are only 
concerned with proper colourings. It is convenient, therefore, to refer to a proper 
colouring as a ‘colouring’ and to a proper k-colouring as a ‘k-colouring’. 

A graph is k-colourable if it has a k-colouring. Thus a graph is 1-colourable 
if and only if it is empty, and 2-colourable if and only if it is bipartite. Clearly, 
a loopless graph is k-colourable if and only if its underlying simple graph is k- 
colourable. Therefore, in discussing vertex colourings, we restrict our attention to 
simple graphs. 

The minimum & for which a graph G is k-colourable is called its chromatic 
number, and denoted y(G). If x(G) = k, the graph G is said to be k-chromatic. 
The triangle, and indeed all odd cycles, are easily seen to be 3-colourable. On 
the other hand, they are not 2-colourable because they are not bipartite. They 
therefore have chromatic number three: they are 3-chromatic. A 4-chromatic graph 
known as the Hajés graph is shown in Figure 14.1. The complete graph K,, has 
chromatic number n because no two vertices can receive the same colour. More 
generally, every graph G satisfies the inequality 


(14.1) 


Q13 


1 = 


because each colour class is a stable set, and therefore has at most a vertices. 


Fig. 14.1. The Hajoés graph: a 4-chromatic graph 


Colouring problems arise naturally in many practical situations where it is 
required to partition a set of objects into groups in such a way that the members 
of each group are mutually compatible according to some criterion. We give two 
examples of such problems. Others will no doubt occur to the reader. 


Example 14.1 EXAMINATION SCHEDULING 

The students at a certain university have annual examinations in all the courses 
they take. Naturally, examinations in different courses cannot be held concurrently 
if the courses have students in common. How can all the examinations be organized 
in as few parallel sessions as possible? To find such a schedule, consider the graph 
G whose vertex set is the set of all courses, two courses being joined by an edge 
if they give rise to a conflict. Clearly, stable sets of G correspond to conflict-free 
groups of courses. Thus the required minimum number of parallel sessions is the 
chromatic number of G. 
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Example 14.2 CHEMICAL STORAGE 

A company manufactures n chemicals C), Co,..., Cn. Certain pairs of these chem- 
icals are incompatible and would cause explosions if brought into contact with each 
other. As a precautionary measure, the company wishes to divide its warehouse 
into compartments, and store incompatible chemicals in different compartments. 
What is the least number of compartments into which the warehouse should be 
partitioned? We obtain a graph G on the vertex set {v1, v2,...,Un} by joining two 
vertices v; and v; if and only if the chemicals C; and C; are incompatible. It is easy 
to see that the least number of compartments into which the warehouse should be 
partitioned is equal to the chromatic number of G. 


If H is asubgraph of G and G is k-colourable, then so is H. Thus y(G) > y(#). 
In particular, if G contains a copy of the complete graph K,., then x(G) > r. 
Therefore, for any graph G, 
x >w (14.2) 


The odd cycles of length five or more, for which w = 2 and y = 3, show that this 
bound for the chromatic number is not sharp. More surprisingly, as we show in 
Section 14.3, there exist graphs with arbitrarily high girth and chromatic number. 


A GREEDY COLOURING HEURISTIC 


Because a graph is 2-colourable if and only if it is bipartite, there is a polynomial- 
time algorithm (for instance, using breadth-first search) for deciding whether a 
given graph is 2-colourable. In sharp contrast, the problem of 3-colourability is 
already NP-complete. It follows that the problem of finding the chromatic number 
of a graph is NP-hard. In practical situations, one must therefore be content with 
efficient heuristic procedures which perform reasonably well. The most natural 
approach is to colour the vertices in a greedy fashion, as follows. 


Heuristic 14.3 THE GREEDY COLOURING HEURISTIC 
INPUT: a graph G 
OUTPUT: a colouring of G 
1. Arrange the vertices of G in a linear order: v1, v2,.--,Un- 
2. Colour the vertices one by one in this order, assigning to v;, the smallest 
positive integer not yet assigned to one of its already-coloured neighbours. 


It should be stressed that the number of colours used by this greedy colouring 
heuristic depends very much on the particular ordering chosen for the vertices. For 
example, if Ky» is a complete bipartite graph with parts X := {x1,22,...,¢n} 
and Y := {y1,y2,---,Yn}, then the bipartite graph G[X,Y] obtained from this 
graph by deleting the perfect matching {ajy; : 1 < i < n} would require n 
colours if the vertices were listed in the order 21, y1,22,Y2,---;2%n,Yn- On the 
other hand, only two colours would be needed if the vertices were presented in 
the order {2 ,¥2,...,;%n,Y1; Y2;---;Yn}; indeed there is always an ordering which 
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yields an optimal colouring (Exercise 14.1.9). The problem is that it is hard to 
know in advance which orderings will produce optimal colourings. 

Nevertheless, the number of colours used by the greedy heuristic is never greater 
than A+ 1, regardless of the order in which the vertices are presented. When a 
vertex uv is about to be coloured, the number of its neighbours already coloured is 
clearly no greater than its degree d(v), and this is no greater than the maximum 
degree, A. Thus one of the colours 1,2,..., A+ 1 will certainly be available for v. 
We conclude that, for any graph G, 


y¥<A+1 (14.3) 


In other words, every k-chromatic graph has a vertex of degree at least k — 1. 
In fact, every k-chromatic graph has at least k vertices of degree at least k — 1 
(Exercise 14.1.3b). 

The bound (14.3) on the chromatic number gives essentially no information on 
how many vertices of each colour there are in a (A+ 1)-colouring. A far-reaching 
strengthening of inequality (14.3) was obtained by Hajnal and Szemerédi (1970), 
who showed that every graph G admits a balanced (A + 1)-colouring, that is, one 
in which the numbers of vertices of each colour differ by at most one. A shorter 
proof of this theorem was found by Kierstead and Kostochka (2006). 


BROOKS’ THEOREM 


Although the bound (14.3) on the chromatic number is best possible, being at- 
tained by odd cycles and complete graphs, Brooks (1941) showed that these are 
the only connected graphs for which equality holds. 

Our proof of Brooks’ Theorem is similar in spirit to one given by Lovasz 
(1975b), but makes essential use of DFS-trees. In particular, we appeal to a result 
of Chartrand and Kronk (1968), who showed that cycles, complete graphs, and 
complete bipartite graphs whose parts are of equal size are the only graphs with 
the property that every DFS-tree is a Hamilton path rooted at one of its ends (see 
Exercise 6.1.10). 


Theorem 14.4 Brooks’ THEOREM 
If G is a connected graph, and is neither an odd cycle nor a complete graph, then 
x< A. 


Proof Suppose first that G is not regular. Let x be a vertex of degree 6 and 
let T be a search tree of G rooted at x. We colour the vertices with the colours 
1,2,..., A according to the greedy heuristic, selecting at each step a leaf of the 
subtree of T induced by the vertices not yet coloured, assigning to it the smallest 
available colour, and ending with the root x of T. When a vertex v different from 
xz is about to be coloured, it is adjacent in T to at least one uncoloured vertex, 
and so is adjacent in G to at most d(v) — 1 < A —1 coloured vertices. It is 
therefore assigned one of the colours 1,2,..., A. Finally, when «x is coloured, it, 
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too, is assigned one of the colours 1,2,...,A, because d(x) = 6 < A-— 1. The 
greedy heuristic therefore produces a A-colouring of G. 

Suppose now that G is regular. If G has a cut vertex x, then G = G1 U Go, 
where G, and G2 are connected and G, M Gz = {x}. Because the degree of x in 
G; is less than A(G), neither subgraph G; is regular, so y(G;) < A(G;) = A(G), 
i = 1,2, and yx(G) = max{x(G1),x(G2)} < A(G) (Exercise 14.1.2). We may 
assume, therefore, that G' is 2-connected. 

If every depth-first search tree of G is a Hamilton path rooted at one of its 
ends, then G is a cycle, a complete graph, or a complete bipartite graph K,, , 
(Exercise 6.1.10). Since, by hypothesis, G' is neither an odd cycle nor a complete 
graph, x(G) = 2 < A(G). 

Suppose, then, that T is a depth-first search tree of G, but not a path. Let x be 
a vertex of T’ with at least two children, y and z. Because G is 2-connected, both 
G—y and G— z are connected. Thus y and z are either leaves of T or have proper 
descendants which are joined to ancestors of x. It follows that G’ := G — {y, z} is 
connected. Consider a search tree T’ with root x in G’. By colouring y and z with 
colour 1, and then the vertices of T’ by the greedy heuristic as above, ending with 
the root x, we obtain a A-colouring of G. 


COLOURINGS OF DIGRAPHS 


A (proper) vertex colouring of a digraph D is simply a vertex colouring of its 
underlying graph G, and its chromatic number x(D) is defined to be the chro- 
matic number \(G) of G. Why, then, consider colourings of digraphs? It turns out 
that the chromatic number of a digraph provides interesting information about 
its subdigraphs. The following theorem of Gallai (1968a) and Roy (1967) tells us 
that digraphs with high chromatic number always have long directed paths. It can 
be viewed as a common generalization of a theorem about chains in posets (see 
Exercise 2.1.23) and Rédei’s Theorem on directed Hamilton paths in tournaments 
(Theorem 2.3). 


Theorem 14.5 THE GALLAI-ROY THEOREM 
Every digraph D contains a directed path with x vertices. 


Proof Let k be the number of vertices in a longest directed path of D. Consider 
a maximal acyclic subdigraph D’ of D. Because D’ is a subdigraph of D, each 
directed path in D’ has at most k vertices. We k-colour D by assigning to vertex 
v the colour c(v), where c(v) is the number of vertices of a longest directed path 
in D’ starting at v. Let us show that this colouring is proper. 

Consider any arc (u,v) of D. If (u,v) is an arc of D’, let vPw be a longest 
directed v-path in D’. Then u ¢ V(P), otherwise vPuv would be a directed cycle 
in D’. Thus uvPw is a directed u-path in D’, implying that c(u) > c(v). 

If (u,v) is not an arc of D’, then D’ + (u,v) contains a directed cycle, because 
the subdigraph D’ is maximally acyclic, so D’ contains a directed (v, u)-path P. Let 
Q be a longest directed u-path in D’. Because D’ is acyclic, V(P) NV(Q) = {u}. 
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Thus PQ is a directed v-path in D’, implying that c(v) > c(u). In both cases, 
c(u) £ c(v). 


Exercises 


14.1.1 CHVATAL GRAPH 
The Chvatal graph, shown in Figure 14.2, is a 4-regular graph of girth four on 
twelve vertices. Show that this graph is 4-chromatic. (V. CHVATAL) 


Fig. 14.2. The Chvatal graph: a 4-chromatic 4-regular graph of girth four 


*14.1.2 Show that .(G) = max{x(B) : B a block of G}. 


*14.1.3 


a) In a k-colouring of a k-chromatic graph, show that there is a vertex of each 
colour which is adjacent to vertices of every other colour. 

b) Deduce that every k-chromatic graph has at least k vertices of degree at least 
k-1. 


14.1.4 Show that y(G) < kiko if and only if G = G,; + Go, where x(Gi) < ki, 
soe (S.A. Burr) 


14.1.5 k-DEGENERATE GRAPH 
A graph is k-degenerate if it can be reduced to Ky by repeatedly deleting vertices 
of degree at most k. 


a) Show that a graph is k-degenerate if and only if every subgraph has a vertex 
of degree at most k. 

b) Characterize the 1-degenerate graphs. 

c) Show that every k-degenerate graph is (k + 1)-colourable. 

d) Using Exercise 14.1.4, deduce that the union of a k-degenerate graph and an 
é-degenerate graph is (k + 1)(€+ 1)-colourable. 
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14.1.6 Establish the following bounds on the chromatic number of the Kneser 
graph KG'nn. 

is <x(KGinn) <n -2m+2 

m 
(Lovdsz (1978) proved the conjecture of Kneser (1955) that the upper bound is 
sharp; see, also, Bardny (1978) and Greene (2002).) 


14.1.7 Show that, for any graph G, y > n?/(n? — 2m). 


14.1.8 Let G be a graph in which any two odd cycles intersect. Show that: 


a) x <5, 
b) if y = 5, then G contains a copy of Ks. 


14.1.9 Given any graph G, show that there is an ordering of its vertices such that 
the greedy heuristic, applied to that ordering, yields a colouring with y colours. 


14.1.10 Let G have degree sequence (d1, d2,...,dn), where dy > dz >--- > dy. 


a) Using a greedy heuristic, show that y < max{min {d; + 1,i}:1<i< nb}. 
b) Deduce that + < [(2m)!/?]. (D.J.A. WELSH AND M.B. POWELL) 


14.1.11 


a) Show that .(G)x(G) > n. 7 
b) Using Exercise 14.1.10, deduce that 2,/n < x(G) + x(G) <n+1. 
(E.A. NORDHAUS AND J.W. GADDUM) 


14.1.12 Let k be a positive integer, and let G be a graph which contains no cycle 
of length 1 (mod k). Show that G is k-colourable. (Zs. TUZA) 


14.1.13 CATLIN GRAPH 
The composition G[H] was defined in Exercise 12.3.9. 


a) Show that .(G[H]) < x(G)x(4A), for any two graphs G and H. 
b) The graph C5[/3] shown in Figure 14.3 is known as the Catlin graph. Show 
that x(Cs[f3]) < x(Cs5)x(K3). (P. CATLIN) 


14.1.14 Let G be the graph Cs[Ky]. 


a) Show that y = [32). 


b) Deduce that x = [(w + A+ 1)/2]. (A. KOSTOCHKA) 


*14.1.15 


a) Show that every graph G has an orientation each of whose induced subdigraphs 
has a kernel. 

b) Consider any such orientation D. Show that G is (At(D) + 1)-colourable. 

c) Deduce inequality (14.3). 


364 14 Vertex Colourings 


Fig. 14.3. The Catlin graph Cs[K3] 


14.1.16 THE ERDOS—SZEKERES THEOREM 


a) Let D be a digraph with x > kl +1, and let f be a real-valued function 
defined on V. Show that D contains either a directed path (uo, u1,..., UK) 
with f(uo) < f(ui) < ++: < flux) or a directed path (vo,v1,...,v1) with 
f(vo) > f(ur) > +++ > fv). (V. CHVATAL AND J. KoML6s) 

b) Deduce that any sequence of kl+1 distinct integers contains either an increas- 
ing subsequence of / + 1 terms or a decreasing sequence of / + 1 terms. 

(P. ERDOS AND G. SZEKERES) 


14.1.17 Let G be an undirected graph. Show that 
x(G) = min {A\(D) : D an orientation of G} 
where \(D) denotes the number of vertices in a longest directed path of D. 


14.1.18 WEAK PRODUCT 

The weak product of graphs G and H is the graph G x H with vertex set V(G) x 
V(#) and edge set {((u,u’),(v,v’)) : (u,v) € E(G), (u’,v’) © E(A)}. Show that, 
for any two graphs G and H, y(G x H) < min {x(G),(H)}. (S. HEDETNIEMI) 


14.1.19 CHROMATIC NUMBER OF A HYPERGRAPH 

The chromatic number x(H) of a hypergraph H := (V,F) is the least number of 
colours needed to colour its vertices so that no edge of cardinality more than one 
is monochromatic. (This is one of several ways of defining the chromatic number 
of a hypergraph; it is often referred to as the weak chromatic number.) Determine 
the chromatic number of: 


a) the Fano hypergraph (Figure 1.15a), 
b) the Desargues hypergraph (Figure 1.15b). 
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14.1.20 


a) Show that the Hajés graph (Figure 14.1) is a unit-distance graph. 
(P. O’Donnell has shown that there exists a 4-chromatic unit-distance graph 
of arbitrary girth.) 

b) Let G be a unit-distance graph. Show that .» < 7 by considering a plane 
hexagonal lattice and finding a suitable 7-face colouring of it. 


ee 


14.1.21 Show that: 


a) if y(G) = 2k, then G has a bipartite subgraph with at least mk/(2k—1) edges, 
b) if x(G) = 2k+1, then G has a bipartite subgraph with at least m(k+1)/(2k+1) 
edges. (L.D. ANDERSEN, D. GRANT AND N. LINIAL) 


14.1.22 Let G := (V,E) be a graph, and let f(G) be the number of proper k- 
colourings of G. By applying the inequality of Exercise 13.2.3, show that 


(1-2) <1@<e (1-4) 


14.1.23 Let G be a 5-regular graph on 4k vertices, the union of a Hamilton cycle 
C and k disjoint copies G1, G2,...,G@p of Ky. Let F and F” be the two 1-factors 
of G contained in C, and let F; be a 1-factor of G;, 1 <7 < k. By combining a 
2-vertex colouring of F'U; F; with a 2-vertex colouring of F’ U; F/, where FY is an 
appropriately chosen 1-factor of G;, 1 <i<k, deduce that .(G) = 4. 

(N. ALON) 


14.1.24 Let G be a 3-chromatic graph on n vertices. Show how to find, in poly- 
nomial time, a proper colouring of G using no more than 3,/n colours. 

(A. WIGDERSON) 
(Blum and Karger (1997) have described a polynomial-time algorithm for colouring 
a 3-chromatic graph on n vertices using O(n°/1*) colours.) 


14.1.25 Let G be a simple connected claw-free graph with a > 3. 


a) Show that A < 4(w — 1) by induction on n, proceeding as follows. 

If G is separable, apply induction. 

> If Gis 2-connected, let x be a vertex of degree A and set X := N(x)U {x}. 
Show that a(G[X]) = 2. Deduce that Y :-=V\ X 40. 

> Ifa(G—v) > 3 for some v € Y, apply induction. 

> Ifa(G—v) =2 for all v € Y, show that Y consists either of a single vertex 
or of two nonadjacent vertices. 

> Show that, in the former case, N(x) is the union of four cliques, and in the 
latter case, the union of two cliques. 

Conclude. 

b) Deduce that x < 4(w — 1). (M. CHUDNOVSKY AND P.D. SEYMOUR) 


366 14 Vertex Colourings 
(Chudnovsky and Seymour have in fact shown that x < 2w.) 


14.1.26 


a) Show that every digraph D contains a spanning branching forest F in which 
the sets of vertices at each level are stable sets of D (the vertices at level zero 
being the roots of the components of F’). 

b) Deduce the Gallai-Roy Theorem (14.5). 

c) A (k,l)-path is an oriented path of length k +1 obtained by identifying the 
terminal vertices of a directed path of length k and a directed path of length 
|. Let D be a digraph and let k and | be positive integers such that k +] = yx. 
Deduce from (a) that D contains either a (k,!— 1)-path or a (k — 1,1)-path. 

(A. EL-SAHILI AND M. KOUIDER) 


14.1.27 Let k be a positive integer. Show that every infinite k-chromatic graph 
contains a finite k-chromatic subgraph. (N.G. DE BRUIJN AND P. ERDOs) 


14.2 Critical Graphs 


When dealing with colourings, it is helpful to study the properties of a special 
class of graphs called colour-critical graphs. We say that a graph G is colour- 
critical if x(H) < x(G) for every proper subgraph H of G. Such graphs were first 
investigated by Dirac (1951). Here, for simplicity, we abbreviate the term ‘colour- 
critical’ to ‘critical’. A k-critical graph is one that is k-chromatic and critical. 
Note that a minimal k-chromatic subgraph of a k-chromatic graph is k-critical, so 
every k-chromatic graph has a k-critical subgraph. The Grotzsch graph, a 4-critical 
graph discovered independently by Grotzsch (1958/1959) and, independently by 
Mycielski (1955), is shown in Figure 14.4 (see Exercise 14.3.1). 


Fig. 14.4. The Grotzsch graph: a 4-critical graph 


Theorem 14.6 /f G is k-critical, then 6 >k—1. 
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Proof By contradiction. Let G be a k-critical graph with 6 < k —1, and let v 
be a vertex of degree 6 in G. Because G is k-critical, G — v is (k — 1)-colourable. 
Let {Vi, Va,..-,Ve-1} be a (k — 1)-colouring of G — v. The vertex v is adjacent 
to 6 < k —1 vertices. It therefore must be nonadjacent in G to every vertex in 
some V;. But then {Vj, V2,...,V; U {u},...,Ve—-i} is a (k — 1)-colouring of G, a 
contradiction. Thus 6 > k—1. 


Theorem 14.6 implies that every k-chromatic graph has at least k vertices of 
degree at least k — 1, as noted already in Section 14.1. 

Let S be a vertex cut of a connected graph G, and let the components of G—$ 
have vertex sets Vi, V2,...,V;. Recall that the subgraphs G; := G[V; U S] are the 
S-components of G. We say that colourings of G,,G2,...,G, agree on S if, for 
every uv € S, vertex v is assigned the same colour in each of the colourings. 


Theorem 14.7 No critical graph has a clique cut. 


Proof By contradiction. Let G be a k-critical graph. Suppose that G has a clique 
cut S. Denote the S-components of G by G1, Go,...,G. Because G is k-critical, 
each G'; is (k — 1)-colourable. Furthermore, because S is a clique, the vertices of 
S receive distinct colours in any (k — 1)-colouring of G;. It follows that there are 
(k — 1)-colourings of G,,G2,...,G, which agree on S. These colourings may be 
combined to yield a (k — 1)-colouring of G, a contradiction. 


Corollary 14.8 Every critical graph is nonseparable. 


By Theorem 14.7, if a k-critical graph has a 2-vertex cut {u,v}, then u and v 
cannot be adjacent. We say that a {u,v}-component G; of G is of type 1 if every 
(k — 1)-colouring of G; assigns the same colour to u and v, and of type 2 if every 
(k — 1)-colouring of G; assigns distinct colours to u and v. Figure 14.5 depicts 
the {u,v}-components of the Hajés graph with respect to a 2-vertex cut {u,v}. 
Observe that there are just two {u, v}-components, one of each type. Dirac (1953) 
showed that this is always so in critical graphs. 


u u u 
v v v 
Type 1 Type 2 


(a) (b) 


Fig. 14.5. (a) A 2-vertex cut {u,v} of the Hajés graph, (b) its two {u, v}-components 
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Theorem 14.9 Let G be a k-critical graph with a 2-vertex cut {u,v}, and let e be 
a new edge joining u and v. Then: 


1.G=G,UGzp, where G; is a {u,v}-component of G of type i, i = 1,2, 
2. both Hy := Gy + e and Hz := G2 / {u,v} are k-critical. 


Proof 
1. Because G is critical, each {u, v}-component of G is (k—1)-colourable. Now there 
cannot exist (& — 1)-colourings of these {u,v}-components all of which agree on 
{u,v}, as such colourings would together yield a (k — 1)-colouring of G. Therefore 
there are two {u,v}-components G; and G2 such that no (k — 1)-colouring of Gy 
agrees with any (k—1)-colouring of G2. Clearly one, say G';, must be of type 1, and 
the other, G2, of type 2. Because G and G2 are of different types, the subgraph 
G1 UGz of G is not (k—1)-colourable. The graph G being critical, we deduce that 
G=G,UG). 

2. Because G is of type 1, H; is k-chromatic. We prove that Hy is critical by 
showing that, for every edge f of Hy, the subgraph Hy \ f is (k — 1)-colourable. 
This is clearly so if f = e, since in this case H, \ e = G,. Let f be some other 
edge of Hy. In any (k — 1)-colouring of G \ f, the vertices u and v receive different 
colours, because G2 is a subgraph of G \ f. The restriction of such a colouring 
to the vertices of G; is a (k — 1)-colouring of H; \ f. Thus Hy is k-critical. An 
analogous argument shows that H2 is k-critical. 


Exercises 


14.2.1 Show that y(G) < 1+ max {6(F): F C G}. 


14.2.2 Show that the only 1-critical graph is Ky, the only 2-critical graph is Ko, 
and the only 3-critical graphs are the odd cycles of length three or more. 


14.2.3 Show that the Chvatal graph (Figure 14.2) is 4-critical. 


14.2.4 Let G be the 4-regular graph derived from the cartesian product of a trian- 
gle 1142432; anda path yyoysysys by identifying the vertices (a1, y1) and (21, ys), 
(%2,y1) and (#3, y5), and (x3, y1) and (x2, ys). Show that G is 4-critical. 

(T. GALLAT) 


14.2.5 Let G = CG(Z,,S) be a circulant, where n = 1(mod3), |S| =k, 1€S, 
and i = 2(mod3) for alli € S, i £1. Show that G is a 4-critical k-regular k-conn- 
ected graph. (L.S. MELNIKOV) 


14.2.6 UNIQUELY COLOURABLE GRAPH 
A k-chromatic graph G is uniquely k-colourable, or simply uniquely colourable, if 
any two k-colourings of G induce the same partition of V. 


a) Determine the uniquely 2-colourable graphs. 
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b) Generalize Theorem 14.7 by showing that no vertex cut of a critical graph 
induces a uniquely colourable subgraph. 


14.2.7 


a) Show that if uw and v are two vertices of a critical graph G, then N(u) Z N(v). 
b) Deduce that no k-critical graph has exactly k + 1 vertices. 


14.2.8 Show that: 


a) x(Gi V Gz) = x(Gi) + x(G2), 
b) Gy V Go is critical if and only if both G; and G) are critical. 


14.2.9 HajOs JOIN 

Let G; and G2 be disjoint graphs, and let e; := u,v; and eg := ugu2 be edges of 
G and G2, respectively. The graph obtained from G and G2 by identifying uw. 
and ug, deleting e, and e2, and adding a new edge v v2 is called a Hajés join of 
G, and G2. Show that the Hajos join of two graphs is k-critical if and only if both 
graphs are k-critical. (G. Hasés) 


14.2.10 For n = 4 and all n > 6, construct a 4-critical graph on n vertices. 


14.2.11 SCHRIJVER GRAPH 

Let S := {1,2,...,n}. The Schrijver graph SGm» is the subgraph of the Kneser 
graph KG, induced by the m-subsets of S which contain no two consecutive 
elements in the cyclic order (1,2,...,,1). 


a) Draw the Schrijver graph SG3_3. 
b) Show that this graph is 4-chromatic, whereas every vertex-deleted subgraph 
of it is 3-chromatic. 


(Schrijver (1978) has shown that SG» is (n —2m-+2)-chromatic, and that every 
vertex-deleted subgraph of it is (n — 2m + 1)-chromatic.) 


14.2.12 


a) Let G be a k-critical graph with a 2-vertex cut {u,v}. Show that d(u)+d(v) > 
3k —5. 
b) Deduce Brooks’ Theorem (14.4) for graphs with 2-vertex cuts. 


14.2.13 Show that Brooks’ Theorem (14.4) is equivalent to the following state- 
ment: if G is k-critical (k > 4) and not complete, then 2m > (k —1)n+ 1. 
(Dirac (1957) sharpened this bound to 2m > (k — 1)n+ (k — 3).) 


14.2.14 A hypergraph H is k-critical if y(H) = k, but x(H’) < k for every proper 
subhypergraph H’ of H. Show that: 


a) the only 2-critical hypergraph is Ko, 
b) the Fano hypergraph (depicted in Figure 1.15a) is 3-critical. 
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14.2.15 Let H := (V,F) be a 3-critical hypergraph, where V := {v1,v2,.-.,Un} 
and F := {F\, F2,..., Fim}, and let M be the incidence matrix of H. 


a) Suppose that the rows of M are linearly dependent, so that there are real 
numbers \;, 1 <i <n, not all zero, such that S>{Ai : vu; € Fj} =0,1 <j <m. 
Set Z:= {i: A; = 0}, P:= {7: A; > O}, and N := {i: \; < O}. Show that: 

i) H’ := AZ] has a 2-colouring {R, B}, 
ii) H has the 2-colouring {RU P, BU N}. 
b) Deduce that the rows of M are linearly independent. 
c) Conclude that |F| > |V]. (P.D. SEYMOUR) 


ee 


14.2.16 Let G be a k-chromatic graph which has a colouring in which each colour is 
assigned to at least two vertices. Show that G has a k-colouring with this property. 
(T. GALLAT) 


14.2.17 


a) By appealing to Theorem 2.5, show that a bipartite graph with average degree 
2k or more contains a path of length 2k +1. (A. GyYARFAS AND J. LEHEL) 

b) Using Exercise 14.1.21, deduce that every digraph D contains an antidirected 
path of length at least ./4. 


14.2.18 An antidirected cycle in a digraph is a cycle of even length whose edges 
alternate in direction. 


a) Find a tournament on five vertices which contains no antidirected cycle. 
b) Show that every 8-chromatic digraph contains an antidirected cycle. 
(D. GRANT, F. JAEGER, AND C. PAYAN) 


14.3 Girth and Chromatic Number 


As we noted in the previous section, a graph which contains a large clique necessar- 
ily has a high chromatic number. On the other hand, and somewhat surprisingly, 
there exist triangle-free graphs with arbitrarily high chromatic number. Recursive 
constructions of such graphs were first described by (Blanche) Descartes (see Un- 
gar and Descartes (1954) and Exercise 14.3.3). Later, Erdés (1961a) applied the 
probabilistic method to demonstrate the existence of graphs with arbitrarily high 
girth and chromatic number. 


Theorem 14.10 For each positive integer k, there exists a graph with girth at least 
k and chromatic number at least k. 


Proof Consider G € Gy,p, and set t := [2p~'logn]. By Theorem 13.6, almost 
surely a(G) < t. Let X be the number of cycles of G of length less than k. By 
linearity of expectation (13.4), 
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where (7); denotes the falling factorial n(n —1)---(m—i+1). Markov’s Inequality 
(13.4) now yields: 


B(X) _ 2(mp)* -1) 
n/2 n(np — 1) 


P(X > n/2) < 


Therefore, if p:= n7~(F-))/k, 


2(n — 1) 


—0 asn— oo 

in other words, G almost surely has no more than n/2 cycles of length less than k. 
It follows that, for n sufficiently large, there exists a graph G on n vertices with 

stability number at most t and no more than n/2 cycles of length less than k. By 

deleting one vertex of G from each cycle of length less than k, we obtain a graph 

G’ on at least n/2 vertices with girth at least & and stability number at most t. 

By inequality (14.1), 


; v(G’) _ n nilk 
> ~ 
x(G) 2 a(G’) ~ 2t 8logn 


It suffices, now, to choose n large enough to guarantee that .(G’) > k. 


MYCIELSKI’S CONSTRUCTION 


Note that the above proof is nonconstructive: it merely asserts the existence of 
graphs with arbitrarily high girth and chromatic number. Recursive constructions 
of such graphs were given by Lovasz (1968a) and also by NeSetiil and Rédl (1979). 
We describe here a simpler construction of triangle-free k-chromatic graphs, due 
to Mycielski (1955). 


Theorem 14.11 For any positive integer k, there exists a triangle-free k-chromatic 
graph. 


Proof Fork =1andk = 2, the graphs K, and K2 have the required property. We 
proceed by induction on k. Suppose that we have already constructed a triangle- 
free graph G; with chromatic number k > 2. Let the vertices of Gz be v1, v2,..., Un. 
Form the graph Gz41 from Gx as follows: add n+ 1 new vertices uy, U2,..-,Un,U, 
and then, for 1 < i < n, join u; to the neighbours of v; in G;, and also to v. 
For example, if Gy := Ko, then Gs is the 5-cycle and G4 the Grétzsch graph (see 
Figure 14.6). 

The graph G41 certainly has no triangles. For, because u1,u2,...,Un is a 
stable set in Gz41, no triangle can contain more than one u,; and if ujvjugui 
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V1 


VA U3 


G3 Ga 


Fig. 14.6. Mycielski’s construction 


were a triangle in Gz41, then vjvj;v,v; would be a triangle in G;, contrary to our 
assumption. 

We now show that G41 is (k + 1)-chromatic. Note, first, that Gz+1 is (k + 1)- 
colourable, because any k-colouring of G;, can be extended to a (& + 1)-colouring 
of Gr41 by assigning the colour of v; to uj, 1 <i <n, and then assigning a new 
colour to v. Therefore, it remains to show that G41 is not k-colourable. 

Suppose that G41 has a k-colouring. This colouring, when restricted to 
{v1,v2,-.-,Un}, is a k-colouring of the k-chromatic graph G,. By Exercise 14.1.3, 
for each colour j, there exists a vertex v; of colour 7 which is adjacent in G; to 
vertices of every other colour. Because u; has precisely the same neighbours in 
Gr as v;, the vertex u; must also have colour j. Therefore, each of the k colours 
appears on at least one of the vertices u;. But no colour is now available for the 
vertex vu, a contradiction. We infer that G;,.1 is indeed (k + 1)-chromatic, and the 
theorem follows by induction. 


Other examples of triangle-free graphs with arbitrarily high chromatic number 
are the shift graphs (see Exercise 14.3.2). 


Exercises 


ee 


14.3.1 Let Gp := Ko, and let G; be the graph obtained from Gz_, by Mycielski’s 
construction, k > 3. Show that G, is a k-critical graph on 3- Qk-2 _ 1 vertices. 


14.3.2 SHIFT GRAPH 

The shift graph SG, is the graph whose vertex set is the set of 2-subsets of 
{1,2,...,n}, there being an edge joining two pairs {7,7} and {k,l}, where i < j 
and k < 1, if and only if 7 = k. Show that SG, is a triangle-free graph of chromatic 
number [logs n]. (P. ErDOs AND A. HAJNAL) 
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14.3.3 Let G be a k-chromatic graph on n vertices with girth at least six, where 
k; > 2. Form a new graph 4 as follows. 


> Take eae disjoint copies of G and a set S of kn new vertices, and set up a 
one-to-one correspondence between the copies of G and the n-element subsets 
of S. 

> For each copy of G, pair up its vertices with the members of the corresponding 
n-element subset of S and join each pair by an edge. 


Show that H has chromatic number at least k + 1 and girth at least six. 
(B. DESCARTES) 


14.4 Perfect Graphs 


Inequality (14.2), which states that . > w, leads one to ask which graphs G satisfy 
it with equality. One soon realizes, however, that this question as it stands is 
not particularly interesting, because if H is any k-colourable graph and G is the 
disjoint union of H and Kx, then x(G) = w(G) = k. Berge (1963) noted that 
such artificial examples may be avoided by insisting that inequality (14.2) hold 
not only for G but also for all of its induced subgraphs. He called such graphs 
G ‘perfect’, and observed that the graphs satisfying this property include many 
basic families of graphs, such as bipartite graphs, line graphs of bipartite graphs, 
chordal graphs, and comparability graphs. He also noted that well-known min—max 
theorems concerning these seemingly disparate families of graphs simply amount 
to saying that they are perfect. 

A graph G is perfect if y(H) = w(H#) for every induced subgraph H of G; 
otherwise, it is imperfect. An imperfect graph is minimally imperfect if each of its 
proper induced subgraphs is perfect. The triangular prism and the octahedron are 
examples of perfect graphs (Exercise 14.4.1), whereas the odd cycles of length five 
or more, as well as their complements, are minimally imperfect (Exercise 14.4.2). 
The cycle C7 and its complement C7 are shown in Figure 14.7. 


1 
/ \ 
Wot 
/ \ 
(b) 


3 


\ ] 
\ y | 
5 4 5 4 


Fig. 14.7. The minimally imperfect graphs (a) C7, and (b) C7 
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Being 2-colourable, bipartite graphs are clearly perfect. The fact that their line 
graphs are perfect is a consequence of a theorem concerning edge colourings of 
bipartite graphs (see Exercise 17.1.17). By Theorem 9.20, every chordal graph has 
a simplicial decomposition, and this property can be used to show that chordal 
graphs are perfect (Exercise 14.4.3). Comparability graphs are perfect too. That 
this is so may be deduced from a basic property of partially ordered sets (see 
Exercise 14.4.4). 


THE PERFECT GRAPH THEOREM 


Berge (1963) observed that all the perfect graphs in the above classes also have 
perfect complements. For example, the K6nig—Rado Theorem (8.30) implies that 
the complement of a bipartite graph is perfect, and Dilworth’s Theorem (19.5) 
implies that the complement of a comparability graph is perfect. Based on this 
empirical evidence, Berge (1963) conjectured that a graph is perfect if and only if 
its complement is perfect. This conjecture was verified by Lovasz (1972b), resulting 
in what is now known as the Perfect Graph Theorem. 


Theorem 14.12 THE PERFECT GRAPH THEOREM 
A graph is perfect if and only if its complement is perfect. 


Shortly thereafter, A. Hajnal (see Lovasz (1972a)) proposed the following beau- 
tiful characterization of perfect graphs. This, too, was confirmed by Lovasz (1972a). 


Theorem 14.13 A graph G is perfect if and only if every induced subgraph H of 
G satisfies the inequality 
v(H) < a(H)w(A) 


Observe that the above inequality is invariant under complementation, because 
v(H) = v(#), a(H) = w(H), and w(H) = a(H). Theorem 14.13 thus implies the 
Perfect Graph Theorem (14.12). 

The proof that we present of Theorem 14.13 is due to Gasparian (1996). It 
relies on an elementary rank argument (the proof technique of Linear Independence 
discussed in Section 2.4). We need the following property of minimally imperfect 
graphs. 


Proposition 14.14 Let S be a stable set in a minimally imperfect graph G. Then 
w(G— S') =u(G). 


Proof We have the following string of inequalities (Exercise 14.4.5). 
w(G—S) <u(G) <x(G@)-1< x(G- S$) =u(G— $) 


Because the left and right members are the same, equality holds throughout. In 
particular, w(G — S) = w(G). 


We can now establish a result on the structure of minimally imperfect graphs. 
This plays a key role in the proof of Theorem 14.13. 
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Lemma 14.15 Let G be a minimally imperfect graph with stability number a and 
clique number w. Then G contains aw +1 stable sets So,51,.--,Sau and aw +1 
cliques Co,C1,..-;Caw such that: 


> each vertex of G belongs to precisely a of the stable sets S;, 
> each clique C; has w vertices, 

> C;,NS;=9, for0<i< au, 

b> |C;NS;|=1, for0<i<j< aw. 


Proof Let So be a stable set of a vertices of G, and let v € So. The graph G—v 
is perfect because G is minimally imperfect. Thus y(G — v) = w(G— v) < w(G). 
This means that for any v € So, the set V \ {v} can be partitioned into a family 
S, of w stable sets. Denoting {US, : v € So} by {$1,S2,..., Sau}, it can be seen 
that {So,S$1,...,Saw} is a family of aw +1 stable sets of G satisfying the first 
property above. 

By Proposition 14.14, w(G — S;) = w(G), 0 <i < aw. Therefore there exists a 
maximum clique C; of G that is disjoint from $;. Because each of the w vertices 
in C; lies in a of the stable sets S;, 0 <7 < aw, and because no two vertices of C; 
can belong to a common stable set, |C;S;| = 1, forO <i<j < aw. 


Let us illustrate Lemma 14.15 by taking G to be the minimally imperfect 
graph C7, labelled as shown in Figure 14.7b. Here a = 2 and w = 3. Applying 
the procedure described in the proof of the lemma, we obtain the following seven 
stable sets and seven cliques. 


Sp =12, S, =23, So =45, S3=67, Se=34, Sp =56, Se =17 
Co = 357, Cy =146, Cz = 136, C3 =135, Cs = 257, Ca = 247, Ce = 246 


(where we write 12 for the set {1,2}, and so on.) The incidence matrices S and C 


of these families are shown in Figure 14.8. 

So S1 Sz S3 S4 S5 Se Co Ci Cz C3 Ca Cs Co 

1j1 0000 0 1 17/0 1 1 1 0 0 0 

2;1 100 0 0 0 270 0 0 01 1 41 

S: 3}0 1 0 0 1 0 0 C: 3}1 0 1 1 0 0 0 

440 0 1 01 0 0 440 1 0 00 1 1 

5/0 0 10 0 1 0 5/1 0 0 1 1 0 0 

6/0 0 0 1 0 1 0 660 1 1 00 0 1 

770 0 01 00 1 7TF1 0 0 01 1 0 


Fig. 14.8. Incidence matrices of families of stable sets and cliques of Cr 


We are now ready to prove Theorem 14.13. 


Proof Suppose that G is perfect, and let H be an induced subgraph of G. Because 
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G is perfect, H is w(H)-colourable, implying that v(H) < a(H)w(H). We prove the 
converse by showing that if G is minimally imperfect, then v(G) > a(G)w(G) +1. 

Consider the families {S; : 0 <i < aw} and {C; : 0 <i < aw} of stable sets 
and cliques described in Lemma 14.15. Let S and C be the n x (aw + 1) incidence 
matrices of these families. It follows from Lemma 14.15 that S*C = J — I, where 
J is the square matrix of order aw + 1 all of whose entries are 1 and I is the 
identity matrix of order aw + 1. Now J —T is a nonsingular matrix (with inverse 
(1/aw)J —I). Its rank is thus equal to its order, aw +1. Hence both S and C are 
also of rank aw + 1. But these matrices have n rows, son > aw + 1. 


Two consequences of the Perfect Graph Theorem are (Exercise 14.4.6): 


Corollary 14.16 A graph G is perfect if and only if, for any induced subgraph H 
of G, the maximum number of vertices in a stable set of H is equal to the minimum 
number of cliques required to cover all the vertices of H. 


Corollary 14.17 The Shannon capacity of a perfect graph G is equal to its stability 
number: O(G) = a(G). 


Corollary 14.17 prompts the problem of determining the Shannon capacities 
of the minimally imperfect graphs. Of these, only O(Cs) is known (see Exer- 
cise 12.1.14). It would be interesting to determine O(C7). 


THE STRONG PERFECT GRAPH THEOREM 


If a graph is perfect, then so are all of its induced subgraphs. This means that one 
can characterize perfect graphs by describing all minimally imperfect graphs. We 
have remarked that the odd cycles of length five or more are minimally imperfect, 
as are their complements. Berge (1963) proposed the conjecture that these are 
the only minimally imperfect graphs; equivalently, that a graph is perfect if and 
only if it contains no odd cycle of length at least five, or its complement, as an 
induced subgraph. He named this conjecture, whose truth would imply the Perfect 
Graph Theorem, the Strong Perfect Graph Conjecture. Some forty years later, it 
was proved by Chudnovsky et al. (2006). 


Theorem 14.18 THE STRONG PERFECT GRAPH THEOREM 
A graph is perfect if and only if it contains no odd cycle of length at least five, or 
its complement, as an induced subgraph. 


This theorem was a major achievement, as much effort had been expended over 
the years on attempts to settle the Strong Perfect Graph Conjecture. Furthermore, 
a polynomial-time recognition algorithm for perfect graphs was developed shortly 
thereafter by Chudnovsky et al. (2005). 

Perfect graphs play an important role in combinatorial optimization and poly- 
hedral combinatorics. Schrijver (2003) dedicates three chapters of his scholarly 
treatise to this widely studied area. The survey article by Chudnovsky et al. (2003) 
includes an excellent account of some of the recent developments in the subject. 
The original motivations for the study of perfect graphs, and its early history, are 
described by Berge (1996, 1997). 
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Exercises 


14.4.1 Show that the triangular prism and the octahedron are perfect graphs. 


14.4.2 For each k > 2, show that both C2,41 and C2,41 are minimally imperfect 
graphs. 


14.4.3 


a) Let G be a chordal graph and (X,, Xo,...,X;) a simplicial decomposition of 
G. Show that x = max {|X;|: 1 <i< k}. 
b) Deduce that every chordal graph is perfect. 


14.4.4 Using the result stated in Exercise 2.1.23, show that every comparability 
graph is perfect. 


*14.4.5 Verify the three inequalities in the proof of Proposition 14.14. 


14.4.6 Prove Corollaries 14.16 and 14.17. 


ee 


14.4.7 Without appealing to the Strong Perfect Graph Theorem, show that every 
minimally imperfect graph G satisfies the relation n = aw + 1. 


14.4.8 Deduce from Theorem 14.13 that the problem of recognizing perfect graphs 
belongs to co-VP. (Kk. CAMERON; V. CHVATAL) 


14.5 List Colourings 


In most practical colouring problems, there are restrictions on the colours that 
may be assigned to certain vertices. For example, in the chemical storage problem 
of Example 14.2, radioactive substances might require special storage facilities. 
Thus in the corresponding graph there is a list of colours (appropriate storage 
compartments) associated with each vertex (chemical). In an admissible colouring 
(assignment of compartments to chemicals), the colour of a vertex must be chosen 
from its list. This leads to the notion of list colouring. 

Let G be a graph and let L be a function which assigns to each vertex v of Ga 
set L(v) of positive integers, called the list of v. A colouring c: V — N such that 
c(v) € L(v) for all uv € V is called a list colouring of G with respect to L, or an L- 
colouring, and we say that G is L-colourable. Observe that if L(v) = {1,2,...,k} 
for all v € V, an L-colouring is simply a k-colouring. For instance, if G is a 
bipartite graph and L(v) = {1,2} for all vertices v, then G has the L-colouring 
which assigns colour 1 to all vertices in one part and colour 2 to all vertices in the 
other part. Observe, also, that assigning a list of length one to a vertex amounts 
to precolouring the vertex with that colour. 
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{1,2} {1,3} {2,3} 


{2,3} {1,3} {1,2} 


Fig. 14.9. A bipartite graph whose list chromatic number is three 


LIST CHROMATIC NUMBER 


At first glance, one might believe that a k-chromatic graph in which each list L(v) 
is of length at least k necessarily has an L-colouring. However, this is not so. It can 
be checked that the bipartite graph shown in Figure 14.9 has no list colouring with 
respect to the indicated lists. On the other hand, if arbitrary lists of length three 
are assigned to the vertices of this graph, it will have a compatible list colouring 
(Exercise 14.5.1). 

A graph G is said to be k-list-colourable if it has a list colouring whenever all 
the lists have length &. Every graph G is clearly n-list-colourable. The smallest 
value of k for which G is k-list-colourable is called the list chromatic number of 
G, denoted y,(G). For example, the list chromatic number of the graph shown in 
Figure 14.9 is equal to three, whereas its chromatic number is two. (More generally, 
there exist 2-chromatic graphs whose list chromatic number is arbitrarily large, see 
Exercise 14.5.5.) 

Bounds on the list chromatic numbers of certain graphs can be found by means 
of kernels. This might seem odd at first, because the kernel (introduced in Sec- 
tion 12.1) is a notion concerning directed graphs, whereas the list chromatic num- 
ber is one concerning undirected graphs. The following theorem (a strengthening 
of Exercise 14.1.15) provides a link between kernels and list colourings. 


Theorem 14.19 Let G be a graph, and let D be an orientation of G each of whose 
induced subdigraphs has a kernel. For v € V, let L(v) be an arbitrary list of at least 
d}(v) +1 colours. Then G admits an L-colouring. 


Proof By induction on n, the statement being trivial for n = 1. Let Vi be the 
set of vertices of D whose lists include colour 1. (We may assume that V; 4 @ by 
renaming colours if necessary.) By assumption, D[V;] has a kernel $). Colour the 
vertices of S; with colour 1, and set G’ := G— $j, D! := D— Sj and L’(v) := 
L(v) \ {1}, v € V(D’). For any vertex v of D’ whose list did not contain colour 1, 


|L'(v)| = |L(v)| > d$(v) +1 > dp.(v) +1 
and for any vertex v of D’ whose list did contain colour 1, 


IL'(v)| = |L(v)| - 1 = dB (v) = dp,(v) +1 
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The last inequality holds because, in D, the vertex v dominates some vertex of 
the kernel $1, so its outdegree in D’ is smaller than in D. By induction, G’ has an 
L’-colouring. When combined with the colouring of $}, this yields an L-colouring 
of G. 


As a simple illustration of Theorem 14.19, consider the case where D is 
an acyclic orientation of G. Because every acyclic digraph has a kernel (Ex- 
ercise 12.1.10b), D satisfies the hypothesis of the theorem. Clearly, d5(v) < 
A*(D) < A(G). Theorem 14.19 therefore tells us that G has a list colouring 
whenever each list is comprised of A+ 1 colours. 

A similar approach can be applied to list colourings of interval graphs. Woodall 
(2001) showed that every interval graph G has an acyclic orientation D with At < 
w—1 (Exercise 14.5.10). Appealing to Theorem 14.19 yields the following result. 


Corollary 14.20 Every interval graph G has list chromatic number w. 


Exercises 


*14.5.1 Show that the list chromatic number of the graph shown in Figure 14.9 is 
equal to three. 


14.5.2 


a) Show that yz(K3,3) = 3. 
b) Using the Fano plane, obtain an assignment of lists to the vertices of K7,7 
which shows that y1(K7,7) > 3. 


14.5.3 Generalize Brooks’ Theorem (14.4) by proving that if G is a connected 
graph, and is neither an odd cycle nor a complete graph, then G is A-list-colour- 
able. (P. Erpoés, A.L. RuBIN, AND H. TayLor; V.G. VIZING) 


14.5.4 Show that Ky,» is k-list-colourable for all k > min{m,n} + 1. 
*14.5.5 Show that yz (Kninn) =n+1. (N. ALON AND M. TARs!I) 


14.5.6 By choosing as lists the edges of the non-2-colourable hypergraph whose 
existence was established in Exercise 13.2.15, show that yz(Kn») > Cn log n, 
where cy, ~ 1. 


14.5.7 Let S be a set of cardinality 2k — 1, where k > 1. Consider the complete 
bipartite graph Ky», where n = om ae in which the lists attached to the vertices 
in each part are the k-subsets of S. Show that K,,,, has no list colouring with this 


assignment of lists. (P. Erpos, A.L. RUBIN, AND H. TAYLOR) 


ee 


14.5.8 A theta graph TGx,1,m is a graph obtained by joining two vertices by three 
internally disjoint paths of lengths k, 1, and m. Show that: 
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a) TGo,2,2x is 2-list-colourable for all k > 1, 

b) a connected simple graph is 2-list-colourable if and only if the subgraph ob- 
tained by recursively deleting vertices of degree one is an isolated vertex, an 
even cycle, or a theta graph TG22,2,, where k > 1. 

(P. Erpoés, A.L. RuBin, AND H. Taylor) 


14.5.9 Let G = (V,E) be a simple graph. For v € V, let L(v) be a list of & or 
more colours. Suppose that, for each vertex v and each colour in L(v), no more 
than k/2e neighbours of v have that same colour in their lists (where e is the base 
of natural logarithms). By applying the Local Lemma (Theorem 13.12), show that 
G has a list colouring with respect to L. (B.A. REED) 


*14.5.10 Let G be an interval graph. 


a) Show that G has an acyclic orientation D with At = w—1. 
b) Deduce that x7; = vy =w. (D.R. WooDALL) 


14.6 The Adjacency Polynomial 


We have already seen how linear algebraic techniques can be used to prove results in 
graph theory, for instance by means of rank arguments (see the inset in Chapter 2) 
or by studying the eigenvalues of the adjacency matrix of the graph (see the inset 
in Chapter 3). In this section, we develop yet another algebraic tool, this time 
related to polynomials, and apply it to obtain results on list colouring. To this 
end, we define a natural polynomial associated with a graph, indeed so natural 
that it is often referred to as the graph polynomial. 

Let G bea graph with vertex set V := {v1,V2,...,Un}. Set x = (1, 22,...,2n). 
The adjacency polynomial of G is the multivariate polynomial 


A(G,x) := LHe: =p). ye 1} 


i<j 


Upon expanding A(G,x) we obtain 2 monomials (some of which might cancel 
out). Each of these monomials is obtained by selecting exactly one variable from 
every factor x; — ;, and thus corresponds to an orientation of G: we orient the 
edge v;v; of G in such a way that the vertex corresponding to the chosen variable 
is designated to be the tail of the resulting arc. 

For example, if G is the graph shown in Figure 14.10, its adjacency polynomial 
is given by 


A(G,x) = (x1 = x2)(x41 > x3)(L1 = x4)(vo = x3)(x3 = XA) (14.4) 


There are 2° = 32 terms in the expansion of this expression before cancellation, 
whereas after cancellation only 24 terms remain: 
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V1 U1 U1 U1 
a Al O I 
VA \ v2 <> v2 <> v2 <> v2 
0 
U3 U3 U3 U3 
G - + - 


Fig. 14.10. A labelled graph G and the three orientations corresponding to the term 
xi 220324 of its adjacency polynomial 


3 3 32 3 2.3) 2.9 
A(G,x)= = @fa2Q%3 — Vi @2U4 — LUZ + L[H3H4 — Li XZL3 + TLL 
2 2 2 2.8 2 2 2.9 2.0 
— £7 XLQX3L4 + L{LQX4 + L{LX3 — Li X3X4 + L1{XQXRZ — L{~XHXy 
3 2 3 229 ee 2 2 
= ©1023 + L1{XQUXZU4 — 11 L3X4 + 11 XZXq — LQUZU4 + THXZL4 


2 2 4 2 4 
+ LoUsa4 — %2%304 + 20304 — Fal, — rans + L3XL 4 


The graph G has the three orientations with outdegree sequence (2,1, 1,1) shown 
in Figure 14.10. These orientations are precisely the ones which correspond to the 
monomial x7227324. Observe that the coefficient of this term in A(G,x) is —1. 
This is because two of the three terms in the expansion of the product (14.4) have 
a negative sign, whereas the remaining one has a positive sign. 

As a second example, consider the complete graph K,,. We have 


a ee ce 
ee ae 
A(Kn,X) = II (x; = X;) = 
1l<i<j<n 
XY LQ «4. In 
1 I tes, SE 


The number of monomials in the expansion of this Vandermonde determinant is n! 
(Exercise 14.6.1) which is much smaller (due to cancellation of terms) than 2(3) 
the number of monomials in the expansion of the adjacency polynomial. 

In order to express the adjacency polynomial of a graph in terms of its orienta- 
tions, we need a little notation. In the expansion of A(G, x), each monomial occurs 
with a given sign. We associate this same sign with the corresponding orientation 
D of G by defining 


o(D) := | [{o(e): a € A(D)} 
where | 
— jt ifa= Ui, Uj withi<j 
ors ermal ne ee: 
For example, the three orientations of the graph G in Figure 14.10 have the signs 
indicated. 
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Now let d := (dj, d2,...,d,) be a sequence of nonnegative integers whose sum 
is m. We define the weight of d by 


where the sum is taken over all orientations D of G whose outdegree sequence is 
d. Setting 
n 
d; 
i=l 


we can now express the adjacency polynomial as: 


A(G,x) = 5° w(d)x* 


d 


In order to understand the relevance of the latter expression to list colourings, 
we need an algebraic tool developed by Alon (1999) and known as the Combina- 
torial Nullstellensatz, by analogy with a celebrated theorem of D. Hilbert. 


PROOF TECHNIQUE: ‘THE COMBINATORIAL NULLSTELLENSATZ 


The Combinatorial Nullstellensatz is based on the following proposition, a 
generalization to n variables of the fact that a polynomial of degree d in one 
variable has at most d distinct roots. 

Proposition 14.21 Let f be a nonzero polynomial over a field F in the vari- 
ables xX = (%1,2%2,...,%n), of degree d; in aj, 1<i<n. Let L; be a set of 
d; +1 elements of F, 1 <i<n. Then there exists t € Ly x Lg x-:- xX Dn 
such that f(t) 4 0. 


Proof As noted above, the case n = 1 simply expresses the fact that a 
polynomial of degree din one variable has at most d distinct roots. We proceed 
by induction on n, where n > 2. 
We first express f as a polynomial in x, whose coefficients f; are polynomials 
in the variables 71, 72,...,@n—1: 


Because f is nonzero by hypothesis, f; is nonzero for some j, 0 <j < dy. By 
induction, there exist t; € Lj, 1 <i<mn-—1, such that f;(t1,to,...,tn-1) £0. 
Therefore the polynomial pyar f(t, te,-.-,tn—1) 2}, is nonzero. Applying the 
case n = 1 to this polynomial, we deduce that f(t1,to,...,tn) 4 0 for some 
tn € In. 
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THE COMBINATORIAL NULLSTELLENSATZ (CONTINUED) 


Theorem 14.22 THE COMBINATORIAL NULLSTELLENSATZ 

Let f be a polynomial over a field F in the variables x = (a1,%2,...,2n). 
Suppose that the total degree of f is S>\_,d; and that the coefficient in f of 
lee ae is nonzero. Let L; be a set of d; +1 elements of F, 1 <i<n. Then 
there exists t € Ly x Lo x +++ X Ly such that f(t) 4 0. 


Proof For 1<i<n, set 


fic= II (x; — t) 


teL; 


Then f; is a polynomial of degree |L;| = d; + 1, with leading term «@‘*1 
d;+1 


a 


, SO 
, where g; is a polynomial in x; of degree at most 
d;. By repeatedly substituting —g; for ger in the polynomial f, we obtain a 
new polynomial in which the degree of x; does not exceed d;. Performing this 
substitution operation for all i, 1 <i <n, results in a polynomial g of degree 
at most d; in 7;, 1 <<i<n. 

Moreover, because f;(t) = 0 for all t € L;, we have t+! = —g,(t) for all 
te Lj, 1<i<n. It follows that 


we may write fj = gi +a 


g(t) = f(t) for allt € Ly x Lg x--+- x Ly 


Observe that every monomial of g is of total degree strictly less than }7}_, di, 
apart from the monomial []j_, a, which is unchanged. Thus g is nonzero. 


4? 


By Proposition 14.21, applied to g, there exists t € Ly x Lg x +--+ x Dy such 
that g(t) A 0. This implies that f(t) 4 0. 


Corollary 14.23 Let G be a graph, and let D be an orientation of G without 
directed odd cycles. Then G is (d + 1)-list-colourable, where d is the outdegree 
sequence of D. 


Proof Every orientation of G with outdegree sequence d has the same sign 
as D (Exercise 14.6.2a). Therefore w(d) 4 0. The result follows on applying 
Theorem 14.22 with f(x) = A(G,x). 


Corollary 14.24 If G has an odd number of orientations D with outdegree 
sequence d, then G is (d + 1)-list-colourable. 


Proof In this case w(d) is also odd, thus nonzero. 


Further applications of the Combinatorial Nullstellensatz are given in the 
exercises which follow. 
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Exercises 


14.6.1 Show that the number of monomials in the expansion of the Vandermonde 
determinant of order n is n! 


14.6.2 


a) Let G be a graph, and let D be an orientation of G with outdegree sequence 
d. 

i) If D’ is an orientation of G with outdegree sequence d, show that o(D’) = 
o(D) if and only if |A(D) \ A(D’)| is even. 

ii) Deduce that if D has no directed odd cycles, then all orientations of G 
with outdegree sequence d have the same sign. 

b) For a graph G, denote by G(d) the graph whose vertices are the orientations of 
G with outdegree sequence d, two such orientations D and D’ being adjacent 
in G(d) if and only if A(D) \ A(D’) is the arc set of a directed cycle. Denote 
by B(d) the spanning subgraph of G(d) whose edges correspond to directed 
odd cycles. Show that: 

i) G(d) is connected, 
ii) B(d) is bipartite. 


14.6.3 Let T be a transitive tournament on n vertices with outdegree sequence 
d:= (di, d2,...,dn), where dy < dy < ene < dis 


a) Express the number of directed triangles of T in terms of n and d. 

b) Deduce that if G = K, and d ¥ (0,1,2,...,2 —1), then the bipartite graph 
B(d) (defined in Exercise 14.6.2) has parts of equal size. 

c) Deduce that (0,1,2,...,2— 1) is the only sequence d such that w(d) ¥ 0. 


14.6.4 Let G(x,y) be a graph, where N(x) \ {y} = N(y) \ {a}, and let D be 
an orientation of G with dt(x) = d*(y). Show that w(d) = 0, where d is the 
outdegree sequence of D. (S. CEROI) 


14.6.5 THE FLEISCHNER—STIEBITZ THEOREM 
Let G be a 4-regular graph on 3k vertices, the union of a cycle of length 3k and k 
pairwise disjoint triangles. 


a) Show that the number of eulerian orientations of G with a given sign is even. 
b) Fleischner and Stiebitz (1992) have shown (by induction on n) that the total 
number of eulerian orientations of G is congruent to 2(mod 4). Deduce that 
G is 3-list-colourable and thus 3-colourable. 
(H. FLEISCHNER AND M. STIEBITZ) 
(Sachs (1993) has shown that the number of 3-colourings of G is odd.) 


14.6.6 


a) For a graph G, as in Exercise 21.4.5, define d*(G) := max{d(F) : FC G}, 
the maximum of the average degrees of the subgraphs of G. Show that every 
bipartite graph G is ({d*/2] + 1)-list-colourable. 
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b) Deduce that every planar bipartite graph is 3-list-colourable. 
c) Find a planar bipartite graph whose list chromatic number is three. 
(N. ALON AND M. Tarsi) 


ee 


14.6.7 THE CAUCHY—DAVENPORT THEOREM 
Let A and B be nonempty subsets of Z,, where p is a prime. Define the sum A+B 
of Aand B by A+ B:={a+b:a€A,beE B}. 


a) If |A|+|B| > p, show that A+ B= Zp. 

b) Suppose that |A|+|B| < p and also that |A+B| < |A|+|B|—2. Let C be a set 
of |A| + |B] — 2 elements of Z, that contains A+ B. Consider the polynomial 
f(z,y) = Teo (« + y — €). Show that: 

i) f(a,b) = 0 for alla € A and all be B, 
ii) the coefficient of a/4!-1yl’I-! in f(x,y) is nonzero. 

c) By applying the Combinatorial Nullstellensatz, deduce the Cauchy—Davenport 
Theorem: if A and B are nonempty subsets of Zp, where p is a prime, then 
either A+ B=Z, or |A+ B| > |A|+|B|—-1. 

(N. ALON, M.B. NATHANSON, AND I.Z. Rusza) 


14.6.8 Let G = (V, E) be a loopless graph with average degree greater than 2p— 2 
and maximum degree at most 2p — 1, where p is a prime. Show that G has a 
p-regular subgraph by proceeding as follows. 

Consider the polynomial f over Z, in the variables x = (a. : e € E) defined by 


f(x) = II l= (= ret) _ If (1 = Le) 


vEV eck e€H 


a) Show that: 
i) the degree of f is e(G), 
ii) the coefficient of [].¢7 4 in f is nonzero. 
b) Deduce from the Combinatorial Nullstellensatz that f(c) 4 0 for some vector 
c=(c.:e€ E)e€ {0,1}. 
c) Show that c 4 0 and Mc = 0. 
d) By considering the spanning subgraph of G with edge set {e € EF: ce = 1}, 
deduce that G has a p-regular subgraph. 
e) Deduce, in particular, that every 4-regular loopless graph with one additional 
link contains a 3-regular subgraph. 
(N. ALON, S. FRIEDLAND, AND G. KALAT) 
(Tashkinov (1984) proved that every 4-regular simple graph contains a 3- 
regular subgraph.) 
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14.7 The Chromatic Polynomial 


We have seen how the adjacency polyomial provides insight into the complex topic 
of graph colouring. Here, we discuss another polynomial related to graph colouring, 
the chromatic polynomial. In this final section, we permit loops and parallel edges. 

In the study of colourings, some insight can be gained by considering not only 
the existence of k-colourings but the number of such colourings; this approach was 
developed by Birkhoff (1912/13) as a possible means of attacking the Four-Colour 
Conjecture. 

We denote the number of distinct k-colourings c: V > {1,2,...,k} of a graph 
G by C(G,k). Thus C(G,k) > 0 if and only if G is k-colourable. In particular, if 
G has a loop then C(G,k) = 0. Two colourings are to be regarded as distinct if 
some vertex is assigned different colours in the two colourings; in other words, if 
{Vi, Vo,..., Ve} and {Vj, Vz,..., Vi} are two k-colourings, then {V), V2,...,V,} = 
{Vi,Vs,..., Vi} if and only if Vi = V/ for 1 <i <k. A triangle, for example, has 
six distinct 3-colourings. 

If G is empty, then each vertex can be independently assigned any one of the 
k, available colours, so C(G,k) = k”. On the other hand, if G is complete, then 
there are k choices of colour for the first vertex, k — 1 choices for the second, k — 2 
for the third, and so on. Thus, in this case, C(G,k) = k(k —1)---(k-—n+1). 

There is a simple recursion formula for C(G,k), namely: 


C(G,k) = C(G\e,k) —C(G/e,k) (14.5) 


where e is any link of G. Formula (14.5) bears a close resemblance to the recursion 
formula for t(G), the number of spanning trees of G (Proposition 4.9). We leave 
its proof as an exercise (14.7.1). The formula gives rise to the following theorem. 


Theorem 14.25 For any loopless graph G, there exists a polynomial P(G,x) such 
that P(G,k) = C(G,k) for all nonnegative integers k. Moreover, if G is simple 
and e is any edge of G, then P(G,x) satisfies the recursion formula: 


P(G,x) = P(G\e,x) — P(G/e,x) (14.6) 


The polynomial P(G, x) is of degree n, with integer coefficients which alternate in 
sign, leading term x”, and constant term zero. 


Proof By induction on m. If m = 0, then C(G,k) = k”, and the polynomial 
P(G,x) = x” satisfies the conditions of the theorem trivially. 

Suppose that the theorem holds for all graphs with fewer than m edges, where 
m > 1, and let G be a loopless graph with m edges. If G is not simple, define 
P(G,x) := P(H,x), where H is the underlying simple graph of G. By induction, 
FH satisfies the conditions of the theorem, so G does also. If G is simple, let e be an 
edge of G. Both G\ e and G/e have m — 1 edges and are loopless. By induction, 
there exist polynomials P(G \ e,7) and P(G/e,x) such that, for all nonnegative 
integers k, 
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P(G\e,k)=C(G\e,k) and P(G/e,k) =C(G/e,k) (14.7) 
Furthermore, there are nonnegative integers @1,d2,...,@n—1 and bj, bo,...,bn—1 
such that: 

n-1 n-1 


P(G\e, x) = So(-))" *aa*+2” and P(G/e,x) = So(-) 1 b04 (14.8) 


i=l i=1 


Define P(G,x) := P(G \ e,x) — P(G/e,x), so that the desired recursion (14.6) 
holds. Applying (14.6), (14.7), and (14.5), we have: 


P(G,k) = P(G \ e,k) — P(G/e,k) = C(G \ e,k) — C(G/e,k) = C(G,k) 
and applying (14.6) and (14.8) yields 


P(G,#) = P@\e,8) = P(@/e2) = Seat be te 


i=l 


Thus P(G, x) satisfies the stated conditions. 


The polynomial P(G, x) is called the chromatic polynomial of G. Formula (14.6) 
provides a means of calculating chromatic polynomials recursively. It can be used 
in either of two ways: 


i) by repeatedly applying the recursion P(G,x) = P(G \ e,x) — P(G/e,x), 
thereby expressing P(G, x) as an integer linear combination of chromatic poly- 
nomials of empty graphs, 

ii) by repeatedly applying the recursion P(G \ e,x) = P(G,a) + P(G/e,2), 
thereby expressing P(G, x) as an integer linear combination of chromatic poly- 
nomials of complete graphs. 


Method (i) is more suited to graphs with few edges, whereas (ii) can be applied 
more efficiently to graphs with many edges (see Exercise 14.7.2). 

The calculation of chromatic polynomials can sometimes be facilitated by the 
use of a number of formulae relating the chromatic polynomial of a graph to 
the chromatic polynomials of certain subgraphs (see Exercises 14.7.6a, 14.7.7, and 
14.7.8). However, no polynomial-time algorithm is known for finding the chromatic 
polynomial of a graph. (Such an algorithm would clearly provide a polynomial-time 
algorithm for computing the chromatic number.) 

Although many properties of chromatic polynomials have been found, no one 
has yet discovered which polynomials are chromatic. It has been conjectured by 
Read (1968) that the sequence of coefficients in any chromatic polynomial must 
first rise in absolute value and then fall; in other words, that no coefficient may 
be flanked by two coefficients having greater absolute value. But even if true, this 
property together with the properties listed in Theorem 14.25 would not be enough 
to characterize chromatic polynomials. For example, the polynomial «+ — 3a? +32? 
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satisfies all of these properties but is not the chromatic polynomial of any graph 
(Exercise 14.7.3b). 

By definition, the value of the chromatic polynomial P(G,«) at a positive 
integer k is the number of k-colourings of G. Surprisingly, evaluations of the poly- 
nomial at certain other special values of x also have interesting interpretations. 
For example, it was shown by Stanley (1973) that (—1)"P(G,—1) is the number 
of acyclic orientations of G (Exercise 14.7.11). 

Roots of chromatic polynomials, or chromatic roots, exhibit a rather curious be- 
haviour. Using the recursion (14.6), one can show that 0 is the only real chromatic 
root less than 1 (Exercise 14.7.9); note that 0 is a chromatic root of every graph 
and 1 is a chromatic root of every nonempty loopless graph. Jackson (1993b) ex- 
tended these observations by proving that no chromatic polynomial can have a root 
in the interval (1,32/27]. Furthermore, Thomassen (1997c) showed that the only 
real intervals that are free of chromatic roots are (—co,0), (0,1), and (1,32/27]. 
Thomassen (2000) also established an unexpected link between chromatic roots 
and Hamilton paths. 

In the context of plane triangulations, the values of P(G,a) at the Beraha 
numbers By := 2+ 2cos(27/k), k > 1, are remarkably small, suggesting that the 
polynomial might have roots close to these numbers (see Tutte (1970)). 

For a survey of this intriguing topic, we refer the reader to Read and Tutte 
(1988). 


Exercises 


*14.7.1 Prove the recursion formula (14.5). 


14.7.2 


a) Calculate the chromatic polynomial of the 3-star Ky,3 by using the recursion 
P(G,«) = P(G\e,x)—P(G/e, x) to express it as an integer linear combination 
of chromatic polynomials of empty graphs. 

b) Calculate the chromatic polynomial of the 4-cycle C4 by using the recursion 
P(G\e, x) = P(G,x)+P(G /e, x) to express it as an integer linear combination 
of chromatic polynomials of complete graphs. 


14.7.3 


a) Show that if G is simple, then the coefficient of x"~' in P(G,x) is —m 
b) Deduce that no graph has chromatic polynomial 2+ — 32° + 32?. 


14.7.4 Show that: 


a) if Gis a tree, then P(G,x) = a(x —1)""1,7 
b) if G is connected and P(G, x) = x(a — 1)r- | then G is a tree. 


14.7.5 Show that if G is a cycle of length n, then P(G,x) = (~x—1)"+(-1)"(a—-1). 


14.8 Related Reading 389 


14.7.6 
a) Show that P(GV Ky,x) = «P(G,ax—1). 
b) Using (a) and Exercise 14.7.5, show that if G is a wheel with n spokes, then 
P(G, 2) = x(a — 2)" + (-1)"a(a — 2). 
14.7.7 


a) Show that if G and H are disjoint, then P(GU H,x) = P(G,x)P(H, x). 
b) Deduce that the chromatic polynomial of a graph is equal to the product of 
the chromatic polynomials of its components. 


14.7.8 If GNA is complete, show that P(GUH, x) P(GN H, x) = P(G,x)P(H, x). 


14.7.9 Show that zero is the only real root of P(G,) smaller than one. 


de 
14.7.10 Show that no real root of P(G,a) can exceed n. (L. LovAsz) 


*14.7.11 Show that the number of acyclic orientations of a graph G is equal to 
(—1)"P(G, —1). (R.P. STANLEY) 


*14.7.12 Let G be a graph. For a subset S$ of E, denote by c(S) the number of 
components of the spanning subgraph of G with edge set S. Show that P(G,x) = 
Mego ae. (H. WHITNEY) 


14.8 Related Reading 


FRACTIONAL COLOURINGS 


A vertex colouring {Vi, V2,...,V} of a graph G = (V,F) can be viewed as ex- 
pressing the incidence vector 1 := (1,1,...,1) of V as the sum of the incidence 
vectors of the stable sets Vi, V2,...,Vzx. This suggests the following relaxation of 
the notion of vertex colouring. 

A fractional colouring of a graph G = (V,£) is an expression of 1 as a non- 
negative rational linear combination of incidence vectors of stable sets of G. The 
least sum of the coefficients in such an expression is called the fractional chromatic 
number of G, denoted y*(G). Thus 


\y* := min {So As: DoAsfs = 1} 


where the sums are taken over all stable sets S of G. The fractional chromatic 
number is clearly a lower bound on the chromatic number. However, it is still 
NP-hard to compute this parameter. 

By applying linear programming duality and using the fact that the stable 
sets of a graph G are the cliques of its complement G, it can be shown that 
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x*(G) = a**(G). Thus x*(G) is an upper bound for the Shannon capacity of G 
(see (12.2)). 

The fractional chromatic number is linked to list colourings in a simple way. A 
graph G is (k,1)-list-colourable if, from arbitrary lists L(v) of k colours, sets C(v) 
of | colours can be chosen so that C(u) A C(v) = @ whenever uv € FE. It was shown 
by Alon et al. (1997) that y* = inf{k/l: G is (k,1)-list-colourable}. 

Further properties of the fractional chromatic number can be found in Schein- 
erman and Ullman (1997) and Schrijver (2003). 


HOMOMORPHISMS AND CIRCULAR COLOURINGS 


A homomorphism of a graph G into another graph H is a mapping f : V(G) > 
V(#) such that f(u)f(v) € E(#A) for all wv € E(G). When H is the complete 
graph K,, a homomorphism from G into H is simply a k-colouring of G. Thus 
the concept of a homomorphism may be regarded as a generalization of the notion 
of vertex colouring studied in this chapter. Many intriguing unsolved problems 
arise when one considers homomorphisms of graphs into graphs which are not 
necessarily complete (see Hell and NeSetiil (2004)). One particularly interesting 
instance is described below. 

Let k and d be two positive integers such that k > 2d. A (k,d)-colouring of a 
graph G is a function f : V — {1,2,...,k} such that d < |f(u) — f(v)| < k—d for 
all wv € E. Thus a (k, 1)-colouring of a graph is simply a proper k-colouring, and 


a (k, d)-colouring is a homomorphism from the graph into CG . the complement 
of the (d—1)st power of a k-cycle. Vince (1988) (see also Bondy and Hell (1990)) 
showed that, for any graph G, min{k/d: G has a (k,d)-colouring} exists. This 
minimum, denoted by x-(G), is known as the circular chromatic number of G. 
(The name of this parameter derives from an alternative definition, due to X. 
Zhu, in which the vertices are associated with arcs of a circle, adjacent vertices 
corresponding to disjoint arcs.) One can easily show that y(G) — 1 < x-(G) < 
x(G), so x(G) = [x-(G)]. However, there are graphs whose chromatic numbers 
are the same but whose circular chromatic numbers are different. For example, 
Xe(K3) = 3 whereas x-(Cs5) = 5/2. One challenging unsolved problem in this 
area is to characterize the graphs for which these two parameters are equal. This 
question remains unsolved even for planar graphs. The comprehensive survey by 
Zhu (2001) contains many other intriguing problems. 


15 


Colourings of Maps 


Contents 
15.1 Chromatic Numbers of Surfaces ............2c00e08 391 
HBAWOOD’S INEQUALITY 2.0.2 003 oc ee ha ede ha de eae be eesa 392 
THE MAP COLOUR THEOREM ..........00 ccc eee nee e nee 393 
15.2 The Four-Colour Theorem .............ceceeceeeee 395 
KEMPE CHAINS s, i2 caard dd-bhooheeece phase eed o eed 396 
KEMPE’S ERRONEOUS PROOF ......... 0.00 cece eee eee eee 397 
IREDUCIBIMARY: sc... {esc a0ag eee ne, id hone didi A era e. 4 ana ae 399 
UNAVOIDABMATY . cos 5) carbs Sas ee oe eae das Qeaaeeea 401 
PROOF TECHNIQUE: DISCHARGING .........00 000s eee eens 402 
15.3 List Colourings of Planar Graphs .................. 405 
TTHOMASSEN’S PROOF OF THE FIVE-COLOUR THEOREM..... 405 
15.4 Hadwiger’s Conjecture ........ cece eee ee eee eee 407 
HADWIGER’S CONJECTURE ...... 0. ccc ccc cece eee nee 407 
HAJOS? CONJECTURES. <<s<c4 tesa s es cde Lew are Sees « Bees 409 
15.5 Related Reading........... cece ee eee eee ee eee eee 411 
NEAR 4-COLOURINGS OF GRAPHS ON SURFACES ............ All 


15.1 Chromatic Numbers of Surfaces 


The Four-Colour Theorem tells us that every graph embeddable on the sphere has 
chromatic number at most four. More generally, for every closed surface »’, there 
is a least integer / such that every graph embeddable on »’ has chromatic number 
at most k. 

To see this, consider an arbitrary graph G embedded on 2. In seeking an 
upper bound on the chromatic number of G, we may clearly assume G to be 
colour-critical. Let d:= d(G) denote the average degree of G. Noting that 6 < d, 
Theorem 14.6 yields: 

x <d+l1 
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On the other hand, by Corollary 10.39, the number m of edges of G is at most 
3n — 3c, where c := c(’) is the Euler characteristic of ©. Because d = 2m/n, we 
have: 6 
@<6=— 
n 
These two inequalities now imply the following upper bound for the chromatic 
number of G. 
6c 
Ye adr 
n 
For a surface »’, the least integer k such that every graph embeddable on » is 
k-colourable is called the chromatic number of 1’, denoted y(*’). We thus have: 
6 
x(2) <7- ~~ (15.1) 
n 
The table in Figure 15.1 shows the resulting upper bounds on x(5’) for the four 
closed surfaces of smallest genus. 


x e(&) | x(%) 
sphere 2 <6 
projective plane 1 <6 
torus 0 <7 
Klein bottle 0 <7 


Fig. 15.1. Bounds on the chromatic numbers of various surfaces 


HEAWOOD’S INEQUALITY 


When c < 0, a general upper bound for the chromatic number y := (2) of a 
surface ’ in terms of its Euler characteristic can be derived from (15.1). Noting 
that y <n, (15.1) yields the inequality x < 7 — 6c/x, and so x? — 7y + 6c < 0; 
that is, (y — a)(x — 8) < 0, where a, 8 = $(7 + V49— 24c). This results in the 
following bound, due to Heawood (1890). 


Theorem 15.1 HEAwoOOD’s INEQUALITY 
For any surface 7 with Euler characteristic c < 0: 


x(Z) < : (7 + V49 — 24c) 


As Heawood observed, in order to show that the bound in Theorem 15.1 is 
attainable for a given surface 3’, it suffices to find just one graph which is embed- 
dable on the surface and requires the appropriate number of colours. Because the 
inequality x <n was employed in deriving Heawood’s Inequality, the graphs G 
for which x = n (that is, the complete graphs) are natural candidates. Heawood 
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himself found an embedding of K7 on the torus (see Figure 3.9a), and deduced 
that the chromatic number of the torus is seven. On the other hand, although the 
Klein bottle has characteristic zero, Franklin (1934) showed that this surface is not 
7-chromatic (the bound given by the table in Figure 15.1) but only 6-chromatic. 
Figure 15.2a depicts a 6-chromatic triangulation of the Klein bottle (an embedding 
of the graph obtained from Kg by duplicating three pairwise nonadjacent edges), 
and Figure 15.2b shows its dual, known as the Franklin graph. Another drawing 
of the Franklin graph is given in Figure 15.3. 


1 1 1 | 4 1 
4 

2 2 ! 2 | 5 | 24 
5 1 1 

3 3 8 6 a 
6 | ; 
a) (b) 


Fig. 15.2. (a) A 6-chromatic triangulation of the Klein bottle, and (b) its dual, the 
Franklin graph 


Se 


Fig. 15.3. Another drawing of the Franklin graph 


THE Map CoLour THEOREM 


With the exception of the Klein bottle, it has been proved that equality holds in 
Heawood’s bound (Theorem 15.1) for every surface ©’ of characteristic at most 
zero. This result, due to Ringel and Youngs (1968), is known as the Map Colour 
Theorem (see Ringel (1974)). There remain the two surfaces of positive characteris- 
tic, namely the projective plane and the sphere. Figure 10.25a shows an embedding 
of Kg on the projective plane. Thus, the chromatic number of the projective plane 
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is six, the bound given by the table in Figure 15.1. On the other hand, as the Four- 
Colour Theorem shows, Heawood’s bound for the chromatic number of the sphere 
(see Figure 15.1) is off by two. We sketch a proof of the Four-Colour Theorem in 
the next section. 

Although in this chapter we are interested in closed surfaces, one may define 
in an analogous manner chromatic numbers of surfaces with boundaries, such as 
the Mobius band (see Exercise 15.1.1). 


Exercises 


15.1.1 TIETZE GRAPH 

The graph shown in Figure 15.4 is known as the Tietze graph. Find an embedding of 
this graph on the Mobius band showing that the chromatic number of the Mobius 
band is at least six. 


Fig. 15.4. The Tietze graph 


ee 


15.1.2 Let G be a triangulation of a closed surface. 


a) Suppose that G has a proper 4-vertex-colouring c: V — {1,2,3, 4}. 
i) Show that the parity of the number of faces of G whose vertices are coloured 
i,j,k is the same for each of the four triples {i,j,k} Cc {1,2,3, 4}. 
ii) Deduce from (a) that the parity of the number of vertices of odd degree 
coloured i is the same for each 7 € {1,2,3,4}. 
b) Suppose that G has exactly two vertices of odd degree, and that these two 
vertices are adjacent. Deduce that G is not 4-colourable. 
(J.P. BALLANTINE; S. FISK) 


15.1.3 Let G be a quadrangulation of the projective plane. 
a) Show that if G is not bipartite, then .(G) > 4, by proceeding as follows. 
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> Assume that c: V — Z3 is a 3-colouring of G. Orient each edge uv of G, 
where c(v) = c(u) + 1, from u to v. Show that, in the resulting digraph, 
each 4-cycle of G has two arcs oriented in each sense. 

> Because G is nonbipartite, it must have an odd cycle C := vyv2... VoK41 
and, because each face of G is a quadrangle, C’ must be a noncon- 
tractible cycle. Cutting the projective plane along C’ produces a planar 
near quadrangulation G’ in which C corresponds to the (4k + 2)-cycle 
Cl := UpUg... V9R41U1 U9 ---V9~41, Where vj and vj’ are the two copies of 1; 
resulting from cutting along C. Obtain a contradiction by arguing that, in 
the derived orientation of G’, the numbers of arcs of C’ oriented in the two 
senses cannot be equal. 

b) Using Euler’s Formula for the projective plane (see Theorem 10.37), show that 
every subgraph of G has a vertex of degree at most three. 
c) Deduce that y = 2 or x = 4. (D.A. YounGcs) 


15.1.4 Let G; denote the graph with vertex set {(i,S):1<i<k, @CSC 
{1,2,...,k}, and i ¢ S}, by joining two vertices (7,5) and (j,7) if and only if 
ieT,j€S and SnT=9%. 


a) Draw G2 and G3. 

b) Find an embedding of G4 as a quadrangulation of the projective plane. 

c) For k = 2,3,4, find a k-colouring of G; in which the neighbour set of each of 
the k& colour classes is a stable set. 

d) Using Exercise 15.1.3, deduce that y(G4) = 4. 


(Gyarfds et al. (2004) have shown that, for k > 2, G, is the unique smallest k- 
chromatic graph with a k-colouring in which the neighbour set of each of the k 
colour classes is a stable set.) 


15.1.5 


a) Show that the circulant CG(Z13, {1,—1,5, —5}) is a triangle-free 4-chromatic 
graph. 
b) Find a quadrangular embedding of this graph on the torus. 
(D. ARCHDEACON, J. HUTCHINSON, A. NAKAMOTO, S. NEGAMI AND K. 
OTA) 


15.2 The Four-Colour Theorem 


The Four-Colour Theorem, introduced in Section 11.1, states that every loopless 
planar graph is 4-colourable. Here, we give a brief outline of the ideas involved in 
its proof, due to Appel and Haken (1977a) and Appel et al. (1977). 

The proof is by contradiction. Suppose that the Four-Colour Theorem is false. 
Then there is a smallest loopless plane graph which is not 4-colourable. The idea 
is to study the properties of such a hypothetical smallest counterexample, and 
eventually arrive at a contradiction. Throughout this section, therefore, G denotes 
a smallest counterexample to the Four-Colour Theorem, in the following sense. 
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i) G is not 4-colourable. 
ii) Subject to (i), v(G) + e(G) is as small as possible. 


The starting point of our analysis consists of several basic observations con- 
cerning any such graph G. 


Proposition 15.2 Let G be a smallest counterexample to the Four-Colour Theo- 
rem. Then: 


i) G is 5-critical, 
it) G is a triangulation, 
iii) G has no vertex of degree less than four. 


Proof 


i) Clearly, G must be 5-critical, otherwise there would exist a proper subgraph 
of G that is not 4-colourable, contradicting the minimality of v(G) + e(G). 
ii) To see that G is a triangulation, suppose that it has a face whose boundary is a 
cycle C of length greater than three. Because G is planar, there are two vertices 
x and y of C which are nonadjacent in G. The graph G'/ {x,y} obtained by 
identifying x and y into a single vertex z is a planar graph with fewer vertices 
than G, and the same number of edges, hence has a 4-colouring c. The colouring 
of G derived from c by assigning the colour c(z) to both x and y is then a 4- 
colouring of G, a contradiction. 
iii) Because G' is 5-critical, Theorem 14.6 implies that 6 > 4. 


KEMPE CHAINS 


By Corollary 10.22, every simple plane graph has a vertex of degree at most five. To 
obtain the needed contradiction, it would therefore suffice to show that a smallest 
counterexample G has no such vertex. Proposition 15.2(iii) states that G has no 
vertex of degree less than four. Kempe (1879) extended this result to vertices of 
degree four. 


Theorem 15.3 G has no vertex of degree four. 


Proof By contradiction. Let v be a vertex of degree four in G, and let {Vi, V2, V3, 
Vi} be a 4-colouring of G — v; such a colouring exists because G' is 5-critical. 
Because G itself is not 4-colourable, v must be adjacent to a vertex of each colour. 
Therefore, we can assume that the neighbours of v in clockwise order around v are 
U1, V2, V3, and v4, where v; € V; for 1 <i < 4. 

Denote by Gi; the subgraph of G induced by V; U V;. The vertices v; and v; 
belong to the same component of G;,;. If not, consider the component of G,; that 
contains v;. By interchanging the colours i and 7 in this component, we obtain 
a new 4-colouring of G — v in which only three colours (all but 7) are assigned 
to the neighbours of v. We have already shown that this situation cannot arise. 
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Fig. 15.5. Kempe’s proof of the case d(v) = 4 


Therefore, v; and v; indeed belong to the same component of G;;. Let P;; be a 
u;v;-path in G,;, and let C' denote the cycle vv; P;3u3u (see Figure 15.5). 
Because C’ separates vg and v4 (in Figure 15.5, vg € int(C) and v4 € ext(C)), 
it follows from the Jordan Curve Theorem (10.1) that the path P24 meets C' in 
some point. Because G is a plane graph, this point must be a vertex. But this is 
impossible, because the vertices of P24 have colours 2 and 4, whereas no vertex of 
C has either of these colours. 


The bicoloured paths P;; considered in the proof of Theorem 15.3 are known as 
Kempe chains, and the procedure of switching the two colours on a Kempe chain is 
referred to as a Kempe interchange. These ideas can be employed to establish the 
following more general theorem. We leave its proof, and the proof of its corollary, 
as an exercise (15.2.1). 


Theorem 15.4 G contains no separating 4-cycle. 


Corollary 15.5 G is 5-connected. 


By virtue of Theorem 15.3, any smallest counterexample to the Four-Colour 
Theorem has a vertex of degree five, so its neighbours induce a 5-cycle, and this cy- 
cle is a separating 5-cycle. Birkhoff (1913) showed, moreover, that every separating 
5-cycle in a smallest counterexample is one of this type, namely one induced by the 
set of neighbours of a vertex of degree five. A 5-connected graph with this property 
is said to be essentially 6-connected. (Essential connectivity is the vertex analogue 
of essential edge connectivity, treated in Section 9.3.) Combining Birkhoff’s result 
with Proposition 15.2 and Corollary 15.5, we now have: 


Theorem 15.6 G is an essentially 6-connected triangulation. 


KEMPE’S ERRONEOUS PROOF 


Proceeding in much the same way as in the proof of Theorem 15.3, Kempe (1879) 
believed that he had also proved that a smallest counterexample can contain no 
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vertex of degree five, and thus that he had established the Four-Colour Theorem. 
Here is Kempe’s erroneous argument. 

Suppose that G has a vertex v of degree five with N(v) = {v1, v2, v3, Va, Us}. 
By the minimality of G, the subgraph G— v has a 4-colouring (V;, V2, V3, Va). Our 
aim is to find such a 4-colouring in which at most three colours are assigned to 
the neighbours of v; the vertex v can then be coloured with one of the remaining 
colours, resulting in a 4-colouring of G. 

Consider a 4-colouring of G— v. As before, v is adjacent to a vertex of each of 
the four colours. Without loss of generality, suppose that v; € V;, 1 <i< 4, and 
us € V2 (see Figure 15.6). 


_ {oo \ 
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va(4) u3(3) 


Fig. 15.6. Kempe’s erroneous proof of the case d(v) = 5 


We may assume that v; and v3 belong to the same component of G'}3 and that 
v, and v4 belong to the same component of Gj4, otherwise the colours could be 
switched in the component of G3 or G4 containing v;, resulting in a 4-colouring 
in which only three colours are assigned to the neighbours of v. 

Let Pig be a v,v3-path in Gy3 and Py4 a vyv4-path in G4. The cycle vv; Pi3u30 
separates vertices v2 and v4; thus v2 and v, belong to different components of G24. 
Similarly, the cycle vu; Pi4v4v separates v3 and vs, so v3 and vs belong to different 
components of G3. In light of these observations, Kempe argued that the colours 
2 and 4 in the component of G24 containing v2, and the colours 2 and 3 in the 
component of G23 containing vs, could be interchanged to produce a 4-colouring 
of G—v in which just the three colours 1, 3, and 4, are assigned to the neighbours 
of v. On assigning colour 2 to v, a 4-colouring of G would then be obtained. 

At first sight, Kempe’s line of argument seems perfectly reasonable, and his 
‘proof’ remained unchallenged for over a decade. But eventually, after carefully 
analysing Kempe’s argument, Heawood (1890) discovered that the double Kempe 
interchange does not necessarily result in a 4-colouring of G—v in which just three 
colours are used on the neighbours of v (see Exercise 15.2.2). Heawood noted, how- 
ever, that Kempe interchanges could be used to prove the Five-Colour Theorem. 
(In essence, the proof presented in Section 11.1.) 
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REDUCIBILITY 


Although Kempe’s proof was incorrect, it did contain the two main ingredients — 
reducibility and unavoidability — that led eventually to a proof of the Four-Colour 
Theorem. These notions both involve the concept of a configuration. 

Let C be a cycle in a simple plane triangulation G. If C has no inner chords 
and exactly one inner bridge B, we call BUC a configuration of G. The cycle C is 
the bounding cycle of the configuration, and B is its bridge. By a configuration, we 
mean a configuration of some simple plane triangulation. For example, the wheel 
W; with k spokes (k > 2) is a configuration. 

A configuration is reducible if it cannot be a configuration of a smallest coun- 
terexample to the Four-Colour Conjecture. It follows from Proposition 15.2(iii) 
and Theorem 15.3 that W2, W3, and W4 are reducible. (By Theorem 15.6, every 
configuration bounded by a 5-cycle, except possibly W5, is reducible. Kempe’s 
failed proof was an attempt to show that Ws, also, is reducible.) Another example 
of a reducible configuration is the Birkhoff diamond, shown in Figure 15.7. 


Fig. 15.7. The Birkhoff diamond 


Theorem 15.7 The Birkhoff diamond is reducible. 


Proof If possible, let G be a smallest counterexample that contains this con- 
figuration. Because G is essentially 6-connected by Theorem 15.6, no edge of G 
can join nonconsecutive vertices on the bounding cycle (Exercise 15.2.3). Consider 
the plane graph G’ derived from G by deleting the four internal bridge vertices, 
U1, U2, U3, and ug, identifying v; and v3 to form a new vertex vo, joining vg and vs 
by a new edge, and deleting one of the two multiple edges between vp and v2 (see 
Figure 15.8). (Observe that the operation of deriving G’ from G does not create 
loops, since G is essentially 6-connected.) 

Because u(G’) +e(G’) < o(G)+e(G) and G is a smallest counterexample, there 
exists a 4-colouring c’ of G’. The colouring c’ gives rise to a partial 4-colouring of 
G (a 4-colouring of G — {u1, u2, U3, ua}) in which: 


> vy, and v3 receive the same colour, say 1, 
> vs receives a colour different from 1, say 2, 
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U6 


vO 
—_—_ U5 ¢ oO U2 


VA 


G G' 


Fig. 15.8. Reduction of a graph containing the Birkhoff diamond 


> vg receives a colour different from 1, without loss of generality either 2 or 3, 
> v4 and vg each receives a colour different from 1 and 2, namely either 3 or 4. 


Thus, up to permutations of colours and symmetry, there are five possible ways 
in which the bounding cycle C := v,v2v3v4U5Ugv1 may be coloured, as indicated 
in the following table. 


C1 
C2 
C3 
C4 
C5 


Pe RP Re 
ww hr wd 
Pe RP Re 


3 


In each of the first four cases, the given colouring can be extended to a 4- 
colouring of G by assigning appropriate colours to uy, U2, u3, and u4. For instance, 
the first colouring c; can be extended by assigning colour 4 to uj, colour 3 to ua, 
colour 2 to us, and colour 1 to u4. We leave it to the reader to find appropriate 
extensions of the colourings c2,c3, and cq (Exercise 15.2.4a). 

Consider, now, the colouring cs, in which v, and v3 have colour 1, vs has 
colour 2, and v2, v4, and vg have colour 3. In this case, we shall see that a Kempe 
interchange may be applied so that the resulting partial 4-colouring of G can be 
extended to a 4-colouring. 

Firstly, consider the bipartite subgraph G34 induced by the vertices coloured 3 
or 4. We may assume that v2, v4, and vg belong to the same component HA of G34. 
Suppose, for example, that some component of G34 contains v2 but neither v4 nor 
ug. By swapping the colours 3 and 4 in this component, we obtain a colouring of 
type c4 (with the colours 3 and 4 interchanged). The other cases can be disposed 
of similarly. We leave their verification to the reader (Exercise 15.2.4b). 

It follows that H is an outer bridge of C in G, with v2, v4, and v¢ as its 
vertices of attachment. Now consider the bipartite subgraph G2 induced by the 
vertices coloured 1 and 2. If there were a component of G12 which contained both 
v3 and vs, this component would be an outer bridge of C’ overlapping H, which is 
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Fig. 15.9. The Heesch representation of the Birkhoff diamond 


impossible. Thus the component H’ of Gy2 which contains v3 does not contain vs. 
By interchanging the colours 1 and 2 in H’, we obtain a new partial 4-colouring of 
G. In this colouring, v; has colour 1, v3 and vs colour 2, and v2, v4, and vg colour 
3. This colouring may now be extended to a 4-colouring of G by assigning colour 
2 to uz, colour 4 to wz and u4, and colour 1 to u3. This contradicts the minimality 
of G. We conclude that the Birkhoff diamond is reducible. 


UNAVOIDABILITY 


A set U of configurations is unavoidable if every essentially 6-connected triangu- 
lation necessarily contains at least one member of U. As a simple example, the 
singleton {W;} is an unavoidable set. 

It follows from the above definitions that a smallest counterexample can contain 
no reducible configuration but must contain at least one configuration from each 
unavoidable set. To obtain a contradiction to the existence of such a counterex- 
ample, it thus suffices to find an unavoidable set of configurations, each of which 
is reducible. The original set constructed by Appel and Haken (1977a) had 1936 
members. Robertson et al. (1997a), using more refined techniques, constructed a 
smaller set, consisting of 633 configurations. 

We have seen that the relation m = 3n — 6 between the numbers of edges and 
vertices of a triangulation implies that every essentially 6-connected triangulation 
contains a vertex of degree five, and hence that {W5} is an unavoidable set. By 
exploiting the same identity in subtler ways, one may derive further constraints on 
the degrees of vertices in triangulations, and thereby obtain other unavoidable sets 
of configurations. For this purpose, it is convenient to represent each configuration 
F := BUC by the subgraph H induced by the internal vertices of its bridge B, 
together with the function d on V(#), where d(v) is the degree of v in G. Heesch 
(1969) was the first to propose this representation. For this reason, we refer to 
the pair (H,d) as the Heesch representation of F’. Figure 15.9 shows the Heesch 
representation of the Birkhoff diamond. 
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PROOF TECHNIQUE: DISCHARGING 


Unavoidable sets are found by a process called discharging. In the context 
of plane graphs, this process is nothing more than an ingenious and highly 
effective way of applying Euler’s Formula (10.2). Initially, each vertex v is 
assigned a weight of 6 — d(v), called its charge. Thus the charge on v is posi- 
tive if d(v) < 6, zero if d(v) = 6, and negative if d(v) > 6. We then attempt 
to discharge G (that is, make the charge at each vertex negative or zero) 
by redistributing the charge in some methodical fashion. Each such discharg- 
ing algorithm defines a set U of configurations such that any triangulation 
which contains no member of U will be discharged by the algorithm. Observe, 
however, that no discharging algorithm can completely discharge a triangula- 
tion, because the sum of the charges, which remains constant throughout the 
procedure, is positive: 


S > (6 — d(v)) = 60(G) — S © d(v) = 6u(G) — 2e(G) = 12 


vEV vEeV 


We conclude that every triangulation must contain at least one member of U/; 
in other words, Y/ is an unavoidable set of configurations. 

The following is a simple example of a discharging algorithm: for each vertex 
of degree five, distribute its charge of 1 equally amongst its five neighbours. 
Every vertex of degree eight or more is discharged by this algorithm, because 
the maximum charge that a vertex v can receive from its neighbours is $d(v), 
and if d(v) > 8, 


6 — d(v) + 2d(v) <0 


Also, each vertex of degree seven with no more than five neighbours of degree 
five is discharged, as is each vertex of degree five or six with no neighbour 
of degree five. Thus every essentially 6-connected triangulation must contain 
either a vertex of degree five that is adjacent to a vertex of degree five or 
six, or else a vertex of degree seven with at least five neighbours of degree 
five. However, a vertex of degree seven with five neighbours of degree five 
clearly has two consecutive neighbours of degree five, and these are adjacent 
in G. Thus the set U consisting of the two configurations shown below is the 
unavoidable set corresponding to this discharging algorithm. 


In recent years, this discharging technique has been used with success to attack 
a variety of other colouring problems for graphs embeddable on the plane and 
other surfaces. Here is one example. 
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DISCHARGING (CONTINUED) 


In 1975, R. Steinberg conjectured that every planar graph without cycles of 
length four or five is 3-colourable (see Steinberg (1993)). Abbott and Zhou 
(1991) employed discharging to prove the weaker statement that a planar 
graph is 3-colourable if it contains no cycles of length k for 4 < k < 11. To 
see this, observe first that a smallest counterexample to the assertion must 
be a 2-connected planar graph with minimum degree at least three. Let G 
be a planar embedding of such a graph. Assign a charge of d(v) — 6 to each 
vertex vu € V, and a charge of 2d(f) — 6 to each face f € F’. Using Euler’s 
Formula, it can be verified that the total charge assigned to vertices and 
faces is —12. Now, for each face of degree twelve or more, transfer a charge 
of 3/2 to each of the vertices incident with it. Because G is 2-connected, all 
faces of G are bounded by cycles, by Theorem 10.7. Also, because G has 
no 4-cycles, no edge of G is incident with two triangles. Thus each vertex 
uv is incident with at least [d(v)/2] distinct faces of degree twelve or more. 
A simple computation shows that, after the transfers of charges, all vertices 
and faces have nonnegative charges. This contradiction establishes the result. 
By using more complicated discharging rules, Borodin et al. (2005) showed 
that every planar graph without cycles of lengths between four and seven is 
3-colourable. An analogous result for surfaces was established by Zhao (2000). 
He showed that, given any surface X’, there exists a constant f(2’) such that 
any graph embeddable on X and containing no k-cycles, 4 < k < f(2’), is 
3-colourable. For a survey of applications of the discharging technique, see 
Salavatipour (2003). 


The original proof of the Four-Colour Theorem by Appel and Haken (1977a) 
and Appel et al. (1977) relies heavily on the computer for checking details involved 
in finding an unavoidable set and verifying that all configurations in that set are 
reducible. It employs no fewer than 487 discharging rules, resulting in a set of over 
1400 unavoidable configurations. The smaller configurations in this list could be 
shown to be reducible by using the fact that a smallest counterexample to the Four 
Colour Conjecture is essentially 6-connected. However, in order to handle some of 
the larger configurations, results of Bernhart (1947) on the reducibility of certain 
special configurations were crucial. 

The more recent proof by Robertson et al. (1997a), although also dependent 
on the computer, is simpler in many ways. Only thirty-two discharging rules are 
needed, generating a list of 633 unavoidable configurations. (The definition of a 
configuration used there differs slightly from the one given here.) 

Further information about the Four-Colour Theorem and its proof can be found 
in the expository article by Woodall and Wilson (1978) and the book by Wilson 
(2002). 


404 15 Colourings of Maps 
Exercises 


*15.2.1 Give proofs of Theorem 15.4 and Corollary 15.5. 


15.2.2 By considering the partially coloured plane triangulation depicted in Fig- 
ure 15.10, show that the ‘double switching’ of colours proposed by Kempe leads 
to an improper colouring. (W.T. TUTTE AND H. WHITNEY) 


\ 
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Fig. 15.10. An example illustrating the flaw in Kempe’s argument 


*15.2.3 Show that if G is a smallest counterexample that contains the Birkhoff di- 
amond, no two nonconsecutive vertices on the bounding cycle of that configuration 
can be adjacent in G. 


*15.2.4 Complete the proof that the Birkhoff diamond is reducible by: 


i) finding appropriate extensions of the colourings c2,c3, and ca, 
ii) verifying the cases in which some component of G34 contains v4 but neither 
V2 nor vg, or vg but neither v2 nor v4. 


15.2.5 


a) Determine the configuration whose Heesch representation is shown in Fig- 
ure 15.11. 
b) Show that this configuration is reducible. 


ee 


15.2.6 Consider the discharging algorithm in which, for each vertex vu of degree 
five, the unit charge of v is distributed equally among its neighbours of degree nine 
or more. Find the unavoidable set (consisting of seven configurations) determined 
by this algorithm. 


15.2.7 Invent a discharging algorithm and determine the set U/ of unavoidable 
configurations to which it gives rise. 
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Fig. 15.11. The Heesch representation for Exercise 15.2.5 


15.3 List Colourings of Planar Graphs 


THOMASSEN’S PROOF OF THE FIVE-COLOUR THEOREM 


List colourings are of interest not only because they extend the usual notion of 
colouring, but also because, when judiciously used, they can provide remarkably 
simple proofs of theorems concerning standard colourings. The following theorem 
on list colourings of planar graphs, due to Thomassen (1994), implies the Five- 
Colour Theorem. 

A near-triangulation is a plane graph all of whose inner faces have degree three. 


Theorem 15.8 Let G be a near-triangulation whose outer face is bounded by a 
cycle C, and let x and y be consecutive vertices of C. Suppose that L: V — 2N is 
an assignment of lists of colours to the vertices of G such that: 


i) |L(x)| = |L(y)| = 1, where L(x) 4 L(y), 
ii) |L(v)| > 3 for all v € V(C) \ {x,y}, 
iit) |L(v)| > 5 for allu € V(G)\ V(C). 


Then G is L-colourable. 


Proof By induction on v(G). If v(G) = 3, then G = C and the statement is 
trivial. So we may assume that v(G) > 3. 

Let z and x’ be the immediate predecessors of x on C’. Consider first the case 
where 2’ has a neighbour y’ on C other than x and z (see Figure 15.12a.) In this 
case, Cy := a/Cy'x' and C2 := 2’y'Cz' are two cycles of G, and G is the union 
of the near-triangulation G; consisting of C; together with its interior and the 
near-triangulation Gg consisting of C2 together with its interior. Let L, denote 
the restriction of L to V(G,). By induction, G, has an L-colouring c,. Now let 
Lz be the function on V(G2) defined by Lo(a2’) := {c1(a')}, Lo(y’) := {aly}, 
and Lo(v) := L(v) for v € V(G2) \ {a’,y’}. Again by induction (with 2’ and y/’ 
playing the roles of x and y, respectively), there is an L2-colouring cz of Gz. By the 
definition of L2, the colourings c; and c2 assign the same colours to x’ and y’, the 
two vertices common to G; and G2. Thus the function c defined by c(v) := ci(v) 
for v € V(G1) and c(v) := c9(v) for v € V(G2) \ V(G)) is an L-colouring of G. 

Suppose now that the neighbours of x’ lie on a path «Pz internally disjoint 
from C, as shown in Figure 15.12b. In this case, G’ := G—z2’ is a near-triangulation 
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Fig. 15.12. Proof of Theorem 15.8 


whose outer face is bounded by the cycle C’ := xCzP~'x. Let a and 2 be two 
distinct colours in L(a’) \ L(a). Consider the function L’ on V(G") defined by 
L'(v) := L(v) \ {a, 6} for v € V(P) \ {x,z}, and L’(v) := L(v) for all other 
vertices v of G’. By induction, there exists an L’-colouring c’ of G’. One of the 
colours @ and (3 is different from c’(z). By assigning that colour to x’, the colouring 
c’ is extended to an L-colouring c of G. 


An immediate consequence of Theorem 15.8 is the following strengthening of 
the Five-Colour Theorem. 


Corollary 15.9 Every planar graph is 5-list-colourable. 


This is one of the more illuminating proofs of the Five-Colour Theorem. Unfor- 
tunately, no list colouring analogue of the Four-Colour Theorem is known. Indeed, 
Voigt (1993) found examples of planar graphs which are not 4-list-colourable. Even 
so, it is conceivable that an appropriate list colouring version of the Four-Colour 
Theorem will provide a more transparent (and shorter) proof of that theorem as 
well. (For instance, Kiindgen and Ramamurthi (2002) have suggested that every 
planar graph admits a list colouring when the available colours come in pairs and 
each list consists of two of these pairs.) 

Voigt (1995) also gave examples of triangle-free planar graphs that are not 3- 
list-colourable. These show that there is no natural list-colouring extension of the 
following ‘three-colour theorem’, due to Grétzsch (1958/1959). 


Theorem 15.10 GROTZSCH’s THEOREM 
Every triangle-free planar graph is 3-colourable. 


Nonetheless, it turns out that every planar graph of girth five is 3-list- 
colourable. This result was established by Thomassen (1994) using similar but 
more involved arguments than those he employed to establish Theorem 15.8. It 
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may legitimately be regarded as a list-colouring extension of Grotzsch’s Theorem, 
because the latter can be reduced quite easily to planar graphs of girth five. 

Grotzsch’s Theorem can also be proved in much the same way as the Four- 
Colour Theorem, but the arguments are considerably simpler. The 4-chromatic 
Grotzsch graph (Figure 14.4) shows that Grotzsch’s Theorem does not extend to 
nonplanar graphs. Indeed, it was constructed by Grétzsch (1958/1959) for this 
very purpose. 


Exercises 


15.3.1 


a) Show that every k-degenerate graph is (& + 1)-list-colourable. 
b) Deduce that: 
i) every simple outerplanar graph is 3-list-colourable, 
ii) every simple triangle-free planar graph is 4-list-colourable, 
(J. KRATOCHVIL AND Zs. TuZA) 
iii) every simple planar graph is 6-list-colourable. 


ee 


15.3.2 The list chromatic number of a surface X’ is the smallest positive integer k 
such that every loopless graph embeddable on » is k-list-colourable. Show that, 
except for the sphere, the list chromatic number of any closed surface (whether 
orientable or not) is equal to its chromatic number. 


15.4 Hadwiger’s Conjecture 


As we saw in Section 14.3, there exist graphs of arbitrarily high girth and chromatic 
number. What, then, can one say about the structure of graphs with high chromatic 
number? A longstanding conjecture due to Hadwiger (1943) asserts that any such 
graph necessarily contains a large clique, not as a subgraph but as a minor. (Recall 
that a minor of a graph G is a graph which can be obtained from G by deleting 
vertices and deleting or contracting edges.) 


HADWIGER’S CONJECTURE 


Conjecture 15.11 Every k-chromatic graph has a Ky-minor. 


For k = 1 and k = 2, the validity of Hadwiger’s conjecture is obvious. It is also 
easily verified for k = 3, because a 3-chromatic graph necessarily contains an odd 
cycle, and every odd cycle contains K3 as a minor. Hadwiger (1943) settled the 
case k = 4, and Dirac (1952a) proved the following somewhat stronger theorem. 
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Theorem 15.12 Every 4-chromatic graph contains a K4-subdivision. 


Proof Let G be a 4-chromatic graph, and let F' be a 4-critical subgraph of G. 
By Theorem 14.6, 6(f) > 3. By Exercise 10.1.5, F' contains a subdivision of K4, 
so G does too. 


Wagner (1964) showed that the case k = 5 of Hadwiger’s Conjecture is equiva- 
lent to the Four-Colour Theorem; thus it also is true. The case k = 6 was verified 
by Robertson et al. (1993); this proof, too, relies on the Four-Colour Theorem. 
However, the conjecture has not yet been settled in general, and some mathe- 
maticians now believe that it might even be false. Although it has been verified 
for small values of k, the conjecture appears to be hard to prove when &k is large 
relative to n, in particular when & = n/2 (and n is even). More precisely, if a = 2, 
then x > n/2 by (14.1), so G should have a Ky,,/2}-minor according to Hadwiger’s 
Conjecture. It is not hard to show that every graph G with a = 2 has a Kyy/3)- 
minor (Exercise 15.4.4), but no one has yet succeeded in bridging the gap between 
n/3 and n/2. 

On the other hand, a weaker form of Hadwiger’s Conjecture can be proved. Due 
to Mader (1967), it states that every graph of sufficiently high chromatic number 
has a K;,-minor. As is frequently the case with results about the chromatic number, 
this theorem is really one about graphs with high average degree; the link with the 
chromatic number is made via Theorem 14.6 (as in the proof of Theorem 15.12). 


Theorem 15.13 Every simple graph G with m > 2*-3n has a Ky-minor. 


Proof By induction on m. The validity of the theorem is readily verified when 
k < 3. Thus we may assume that k > 4 and m > 10. Let G be a graph with n 
vertices and m edges, where m > 2*~%n. If G has an edge e which lies in at most 
2*-3 _ 1 triangles, the underlying simple graph of G/e has n — 1 vertices and at 
least 2*-3n —2*-3 = 2*-3(m—1) edges, and so has a K;-minor by induction. Thus 
G, too, has a K,-minor. 

We may assume, therefore, that each edge of G lies in at least 2’~° triangles. 
For e € E, let us denote by t(e) the number of triangles containing e. Because an 
edge e lies in the subgraph G[N(v)] induced by the neighbours of a vertex v if and 
only if v is the ‘apex’ of a triangle whose ‘base’ is e, we have: 


>> |E(GIN(0)])| = So t(e) > 23m = SO ak-4ad(v) 


vEeV eck vEV 


We deduce that G has a vertex v whose neighbourhood subgraph H := G[N(v)] 
satisfies the inequality: 


e(H) > 2*-4d(v) = 2*-40(H) 


By induction, H has a K,_,-minor. Therefore G has a K,-minor. 


Corollary 15.14 For k > 2, every (2*-? + 1)-chromatic graph has a Kz-minor. 
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Proof Let G be a (2*~? + 1)-chromatic graph, and let F be a (2*~? + 1)-critical 
subgraph of G. By Theorem 14.6, 6(F) > 2*~?, and so e(F) > 2*~3u(F). Theorem 
15.13 implies that F has a Ky-minor. Therefore G, too, has a Ky-minor. 


If, instead of the chromatic number, one considers the fractional chromatic 
number, Corollary 15.14 can be sharpened to a linear bound, as was shown by 
Reed and Seymour (1998): every graph with fractional chromatic number greater 
than 2k — 2 has a K;-minor. 


Hajos’ CONJECTURE 


An even stronger conjecture than Hadwiger’s was proposed by G. Hajés, probably 
in the early 1950s (see Dirac (1952a)). It asserted that every k-chromatic graph 
contains a subdivision of Ky. (For k = 4, this is Theorem 15.12.) Hajés’ Conjec- 
ture was disproved by Catlin (1979), who found the 8-chromatic graph shown in 
Figure 14.3, which contains no subdivision of Kg (see Exercise 15.4.3). Shortly 
thereafter, Erdés and Fajtlowicz (1981) totally demolished the conjecture by prov- 
ing that almost every graph (in the probabilistic sense) is a counterexample. This 
is but one more illustration of the power of the probabilistic method. 


Theorem 15.15 Almost every graph is a counterexample to Hajés’ Conjecture. 


Proof Let G € Gy1/2. Then almost surely a < [2log,n] (Exercise 13.2.11). 


Thus almost surely 
nr nr 
X= 
a ~ 2logyn 


(15.2) 


Now the expected number of subgraphs of G with s vertices and t := () —n 
edges is 


(") (@)a ~ (") ee S fe eG) = g2n9~(8) 


If s := [n°], where $ <c <1, this latter quantity tends to zero as n tends 
to infinity. Therefore, by Markov’s Inequality (Proposition 13.4), almost surely 
every subgraph of G on s vertices has fewer than ea —n edges. Now this implies 
that G almost surely contains no subdivision of K,. For, in order to form such a 
subdivision, at least n + 1 edges would need to be be subdivided, and there are 
simply not enough vertices available for this. Because s is much smaller than the 
lower bound on y given by (15.2) for n sufficiently large, we conclude that almost 


every graph G is a counterexample to Hajés’ Conjecture. 


More recently, Thomassen (2005) made the surprising observation that several 
classical results in extremal graph theory (discussed in Chapter 12) furnish coun- 
terexamples to Hajés’ Conjecture (see Exercise 15.4.5). Ironically, these extremal 
results were known long before Catlin announced his counterexamples to Hajés’ 
Conjecture, indeed even before Hajés proposed the conjecture in the first place! 

Hadwiger’s Conjecture, whether true or false, will not suffer the sorry fate of 
Hajés’ Conjecture. In contrast to Theorem 15.15, it has been shown by Bollobas 
et al. (1980) that almost no graph is a counterexample to Hadwiger’s Conjecture. 
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Exercises 


15.4.1 


a) Show that /4,4 contains no K5-subdivision. 
b) Find a K5-subdivision in K45. 


15.4.2 


a) Show that if G is simple with n > 4 and m > 2n — 2, then G contains a 
K4-subdivision. 

b) For n > 4, find a simple graph G with m = 2n — 3 that contains no K4- 
subdivision. 


15.4.3 By verifying that it is 8-chromatic but contains no Kg-subdivision, show 
that the Catlin graph (Figure 14.3) is a counterexample to Hajés’ Conjecture. 


15.4.4 Let G be a graph with a = 2. 


a) If G is not connected, show that G contains Ky,,/2] (as a subgraph). 

b) If G is connected, show that G contains a path wow with uw ¢ FE and that 
every vertex of G — {u,v,w} is adjacent to either u or w (or both). 

c) Deduce, by induction, that G has a Ky,,/3)-minor. 


ee 


15.4.5 Let G be a graph on n := 2k° vertices with a < k and w < k, where k > 40. 


a) Using Theorem 12.8, show that there exists such a graph G. 
b) Show that x. > 2k?. 
c) Suppose that G' contains a subdivision of Ko;2. 
i) By applying Turan’s Theorem (12.3), show that at least 2k? — k? ‘edges’ 
of this subdivision are subdivided by vertices of G (that is, correspond to 
paths of length at least two in G). 
ii) Deduce that n > 2k? + k?. 
d) Conclude that G is a counterexample to Hajés’ Conjecture. (C. THOMASSEN) 


15.4.6 Show that any graph G has Kyp/(2q—1)] aS a minor. 
(P. DUCHET AND H. MEYNIEL) 


15.4.7 Show that Hadwiger’s Conjecture is true for graphs with stability number 
two if and only if every graph G with a = 2 has Ky,,/2] as a minor. 
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15.5 Related Reading 


NEAR 4-COLOURINGS OF GRAPHS ON SURFACES 


The Map Colour Theorem, discussed in Section 11.1, implies that the chromatic 
number of S;, the sphere with k handles, increases with k. On the other hand, 
Albertson and Hutchinson (1978) showed that if G is a graph embeddable on Sx, 
then one can always obtain a planar graph by deleting no more than k\/2n of 
its vertices. This implies that all but k\/2n vertices of any graph G embeddable 
on 5; can be 4-coloured. A far stronger assertion was conjectured by Albertson 
(1981): given any surface 1’, there exists an integer f(2’) such that that all but 
f (2) vertices of any graph embeddable on 7 can be 4-coloured. He conjectured, 
in particular, that all but three vertices of any toroidal graph can be 4-coloured. 
Thomassen (1994) proved that there are precisely four 6-critical graphs on the 
torus, and deduced that all but two vertices of any toroidal graph can be 5-coloured. 
Thomassen (1997b) showed, furthermore, that for any fixed surface 3’, the number 
of 6-critical graphs embeddable on » is finite. By contrast, Fisk (1978) constructed 
infinitely many 5-critical graphs on every surface but the sphere. For a discussion 
of Albertson’s conjecture and related topics, see Jensen and Toft (1995). 
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16.1 Maximum Matchings 


A matching in a graph is a set of pairwise nonadjacent links. If M is a matching, 
the two ends of each edge of M are said to be matched under M, and each vertex 
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incident with an edge of MW is said to be covered by M. A perfect matching is one 
which covers every vertex of the graph, a maximum matching one which covers as 
many vertices as possible. A graph is matchable if it has a perfect matching. Not all 
graphs are matchable. Indeed, no graph of odd order can have a perfect matching, 
because every matching clearly covers an even number of vertices. Recall that the 
number of edges in a maximum matching of a graph G is called the matching 
number of G and denoted a/(G). A maximal matching is one which cannot be 
extended to a larger matching. Equivalently, it is one which may be obtained 
by choosing edges in a greedy fashion until no further edge can be incorporated. 
Such a matching is not necessarily a maximum matching. Examples of maximal 
and perfect matchings in the pentagonal prism are indicated in Figures 16.1 and 
16.1b, respectively. 


(a) (b) 


Fig. 16.1. (a) A maximal matching, (b) a perfect matching 


The main question we address in this chapter is: 


Problem 16.1 ‘THE MAXIMUM MATCHING PROBLEM 
GIVEN: a graph G, 
FIND: a maximum matching M* in G. 


There are many questions of practical interest which, when translated into the 
language of graph theory, amount to finding a maximum matching in a graph. One 
such is: 


Problem 16.2 THE ASSIGNMENT PROBLEM 

A certain number of jobs are available to be filled. Given a group of applicants for 
these jobs, fill as many of them as possible, assigning applicants only to jobs for 
which they are qualified. 


This situation can be represented by means of a bipartite graph G[X,Y] in 
which X represents the set of applicants, Y the set of jobs, and an edge xy with 
x € X and y €Y signifies that applicant x is qualified for job y. An assignment 
of applicants to jobs, one person per job, corresponds to a matching in G, and the 
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problem of filling as many vacancies as possible amounts to finding a maximum 
matching in G. 

As we show in Section 16.5, the Assignment Problem can be solved in poly- 
nomial time. Indeed, we present there a polynomial-time algorithm for finding a 
maximum matching in an arbitrary graph. The notions of alternating and aug- 
menting paths with respect to a given matching, defined below, play an essential 
role in these algorithms. 


AUGMENTING PATHS 


Let M be a matching in a graph G. An M-alternating path or cycle in G is a path 
or cycle whose edges are alternately in M and E \ M. An M-alternating path 
might or might not start or end with edges of M (see Figure 16.2). 


° re c F ea 


Fig. 16.2. Types of M-alternating paths 


If neither its origin nor its terminus is covered by M (as in the top-left path 
in Figure 16.2) the path is called an M-augmenting path. Figure 16.3a shows an 
M-augmenting path in the pentagonal prism, where M is the matching indicated 
in Figure 16.1La. 


(a) (b) 
Fig. 16.3. (a) An M-augmenting path P, (b) the matching M A E(P) 


BERGE’S THEOREM 


The following theorem, due to Berge (1957), points out the relevance of augmenting 
paths to the study of maximum matchings. 
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Theorem 16.3. BERGE’S THEOREM 
A matching M in a graph G is a maximum matching if and only if G contains no 
M-augmenting path. 


Proof Let M be a matching in G. Suppose that G contains an M-augmenting 
path P. Then M' := M A E(P) is a matching in G, and |M’| = |M| + 1 (see 
Figure 16.3). Thus M is not a maximum matching. 

Conversely, suppose that M is not a maximum matching, and let M* be a 
maximum matching in G, so that |M*| > |M|. Set H := G[M A M%], as illustrated 
in Figure 16.4. 

Each vertex of H has degree one or two in H, for it can be incident with at 
most one edge of MW and one edge of M*. Consequently, each component of H is 
either an even cycle with edges alternately in M and M™%, or else a path with edges 
alternately in M and M*. 


(a) (b) 


Fig. 16.4. (a) Matchings M (heavy) and M* (broken), and (b) the subgraph H := 
G[M A M*| 


Because |M*| > |M]|, the subgraph H contains more edges of M* than of M, 
and therefore some path-component P of H must start and end with edges of M*. 
The origin and terminus of P, being covered by M™*, are not covered by M. The 
path P is thus an M-augmenting path in G. 


Exercises 


16.1.1 


a) Show that the Petersen graph has exactly six perfect matchings. 
b) Determine pm(f2,,) and pm(Ky,.n), where pm(G) denotes the number of per- 
fect matchings in graph G. 


16.1.2 Show that it is impossible, using 1 x 2 rectangles (dominoes), to tile an 
8 x 8 square (chessboard) from which two opposite 1 x 1 corner squares have been 
removed. 
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Fig. 16.5. The Sylvester graph: a 3-regular graph with no perfect matching 


16.1.3 Show that if G is triangle-free, then a/(G) = n — x(G). 


16.1.4 Find a maximal matching M and a perfect matching M™* in the pentagonal 
prism such that the subgraph induced by MA M* has two components, one a cycle 
and the other an M-augmenting path. 


*16.1.5 


a) Let M and M’ be maximum matchings of a graph G. Describe the structure 
of the subgraph H := G[M A M". 

b) Let M and M’ be perfect matchings of a graph G. Describe the structure of 
the subgraph H := G[M A M"). 

c) Deduce from (b) that a tree has at most one perfect matching. 


16.1.6 Let M and N be matchings of a graph G, where |M| > |N|. Show that there 
are disjoint matchings M’ and N’ of G such that |M’| = |M|-—1,|N’| = |N| +1 
and M’UN’=MUN. 


*16.1.7 


a) Let M be a perfect matching in a graph G and S a subset of V. Show that 
|M 7 O(S)| =|S| (mod 2). 

b) Deduce that if MW is a perfect matching of the Petersen graph, and C is the 
edge set of one of its 5-cycles, then | C| is even. 


16.1.8 


a) Let M be a perfect matching in a graph G, all of whose vertices are of odd 
degree. Show that M includes every cut edge of G. 

b) Deduce that the 3-regular graph of Figure 16.5 has no perfect matching. 

c) For each k > 2, find a (2k4+1)-regular simple graph with no perfect matching. 


16.1.9 Let M be a maximal matching in a graph G, and let M* be a maximum 
matching in G. Show that |M| > $|M*|. 
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16.1.10 Consider a complete graph K on 2n vertices embedded in the plane, with 
nm vertices coloured red, n vertices coloured blue, and each edge a straight-line 
segment. Show that K has a perfect matching whose edges do not cross, with each 
edge joining a red vertex and a blue vertex. 


16.1.11 The game of Slither is played as follows. Two players alternately select 
distinct vertices vp, v1, v2,... of a graph G, where, for i > 0, vj+1 is required to be 
adjacent to v;. The last player able to select a vertex wins the game. Show that 
the first player has a winning strategy if and only if G has no perfect matching. 
(W.N. ANDERSON, JR.) 


16.1.12 Let G be a simple graph with n > 26. Show that a’ > 6. 


16.1.13 Let G be a nonempty graph which has a unique perfect matching M. 


a) Show that G has no M-alternating cycle, and that the first and last edges of 
every M-alternating path belong to M. 

b) Deduce that if G := G[X, Y] is bipartite, then X and Y each contain a vertex 
of degree one. 

c) Give an example of a graph with a unique perfect matching and no vertex of 
degree one. 


16.1.14 


a) Let M be a matching in a graph G. Show that there is a maximum matching 
in G which covers every vertex covered by M. 

b) Deduce that every vertex of a connected nontrivial graph is covered by some 
maximum matching. 

c) Let GLX, Y] be a bipartite graph and let A C X and B C Y. Suppose that 
G has a matching which covers every vertex in A and also one which covers 
every vertex in B. Show that G has a matching which covers every vertex in 
AUB. (L. DULMAGE AND N.S. MENDELSOHN) 


*16.1.15 ESSENTIAL VERTEX 
A vertex v of a graph G is essential if v is covered by every maximum matching 
in G, that is, if a’(G—v) =a’(G)—-1. 


a) Describe an infinite family of connected graphs which contain no essential 
vertices. 
b) Show that every nonempty bipartite graph has an essential vertex. 
(D. DE CAEN) 


16.1.16 A factory has n jobs 1,2,...,n, to be processed, each requiring one day 
of processing time. There are two machines available. One can handle one job at 
a time and process it in one day, whereas the other can process two jobs simulta- 
neously and complete them both in one day. The jobs are subject to precedence 
constraints represented by a binary relation <, where 7 < j signifies that job 7 
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must be completed before job 7 is started. The objective is to complete all the jobs 
while minimizing d, + dz, where d; is the number of days during which machine 
i is in use. Formulate this problem as one of finding a maximum matching in a 
suitably defined graph. (M. Fugu, T. KASAMI, AND N. NINOMIYA) 


16.2 Matchings in Bipartite Graphs 


HALL’S THEOREM 


In many applications, one wishes to find a matching in a bipartite graph GLX, Y] 
which covers every vertex in X. Necessary and sufficient conditions for the exis- 
tence of such a matching were first given by Hall (1935). Recall that if S' is a set 
of vertices in a graph G, the set of all neighbours of the vertices in S is denoted 
by N(S). 


Theorem 16.4 HALL’s THEOREM 
A bipartite graph G := G[X,Y] has a matching which covers every vertex in X if 
and only if 

|N(S)| > |S| forall SCX (16.1) 


Proof Let G:= G[X,Y] be a bipartite graph which has a matching M covering 
every vertex in X. Consider a subset S of X. The vertices in S are matched under 
M with distinct vertices in N(S). Therefore |N(S)| > |S], and (16.1) holds. 

Conversely, let G := G[X,Y] be a bipartite graph which has no matching 
covering every vertex in X. Let M* be a maximum matching in G and wu a vertex 
in X not covered by M*. Denote by Z the set of all vertices reachable from u 
by M*-alternating paths. Because M* is a maximum matching, it follows from 
Theorem 16.3 that u is the only vertex in Z not covered by M*. Set R:= XN Z 
and B:= YM Z (see Figure 16.6). 


Fig. 16.6. Proof of Hall’s Theorem (16.4) 


Clearly the vertices of R\ {wu} are matched under M™* with the vertices of B. 
Therefore |B] = |R| — 1 and N(R) D B. In fact N(R) = B, because every vertex 
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in N(R) is connected to u by an M*-alternating path. These two equations imply 
that 
IN(A)| = |B] = |R|-1 


Thus Hall’s condition (16.1) fails for the set S := R. 


Theorem 16.4 is also known as the Marriage Theorem, because it can be re- 
stated more picturesquely as follows: if every group of girls in a village collectively 
like at least as many boys as there are girls in the group, then each girl can marry 
a boy she likes. 

Hall’s Theorem has proved to be a valuable tool both in graph theory and in 
other areas of mathematics. It has several equivalent formulations, including the 
following one in terms of set systems. 

Let A := (A; : i € I) be a finite family of (not necessarily distinct) subsets 
of a finite set A. A system of distinct representatives (SDR) for the family A is a 
set {a; : 7 € I} of distinct elements of A such that a; € A; for all 7 € J. In this 
language, Hall’s Theorem says that A has a system of distinct representatives if 
and only if | Uiey A;| > |J| for all subsets J of I. (To see that this is indeed a 
reformulation of Hall’s Theorem, let G := G[X,Y], where X := I, Y := A, and 
N(i) := A; for all i € I.) This was, in fact, the form in which Hall presented his 
theorem. He used it to answer a question in group theory (see Exercise 16.2.20). 

Hall’s Theorem provides a criterion for a bipartite graph to have a perfect 
matching. 


Corollary 16.5 A bipartite graph G[X,Y] has a perfect matching if and only if 
|X| =|Y| and |N(S)| > |S| for all SCX. 


This criterion is satisfied by all nonempty regular bipartite graphs. 
Corollary 16.6 Every nonempty regular bipartite graph has a perfect matching. 


Proof Let G[X,Y] be a k-regular bipartite graph, where k > 1. Then |X| =|Y| 
(Exercise 1.1.9). 

Now let S be a subset of X and let EF, and E2 denote the sets of edges of G 
incident with S and N(S), respectively. By definition of N(S), we have E, C Ep. 
Therefore 

kIN(S)| = [Ba] > [El = #IS| 


Because k > 1, it follows that |N(S')| > |S and hence, by Corollary 16.5, that G 
has a perfect matching. 


MATCHINGS AND COVERINGS 


Recall that a covering of a graph G is a subset K of V such that every edge of 
G has at least one end in Kk. A covering K* is a minimum covering if G has no 
covering K with |K| < |K*|. The number of vertices in a minimum covering of G 
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(a) (b) 


Fig. 16.7. (a) A minimal covering, (b) a minimum covering 


is called the covering number of G, and is denoted by 3(G). A covering is minimal 
if none of its proper subsets is itself a covering. Minimal and minimum coverings 
of the Petersen graph are indicated (by solid vertices) in Figure 16.7. 

If M is a matching of a graph G, and K is a covering of G, then at least one end 
of each edge of M belongs to K. Because all these ends are distinct, || < |K}. 
Moreover, if equality holds, then M is a maximum matching and K is a minimum 
covering (Exercise 16.2.2): 


Proposition 16.7 Let M be a matching and K a covering such that |M| = |K|. 
Then M is a maximum matching and K is a minimum covering. 


The K6nig—Egervary Theorem (8.32) tells us that equality always holds when 
G is bipartite: for all bipartite graphs G, 


This identity can be derived with ease from the theory of alternating paths. 
Let G := G[X,Y] be a bipartite graph, let M* be a maximum matching in G, and 
let U denote the set of vertices in X not covered by M*. Denote by Z the set of 
all vertices in G reachable from some vertex in U by M*-alternating paths, and 
set R:= XN Zand B:= YNZ. Then K* := (X \ R) UB is a covering with 
|*| = |M*| (Exercise 16.2.7). By Proposition 16.7, A* is a minimum covering. 


Exercises 


16.2.1 


a) Show that a bipartite graph G has a perfect matching if and only if |N(S)| > 
|S| for all SCV. 

b) Give an example to show that this condition does not guarantee the existence 
of a perfect matching in an arbitrary graph. 


16.2.2 Prove Proposition 16.7. 
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16.2.3 A line of a matrix is a row or column of the matrix. Show that the minimum 
number of lines containing all the nonzero entries of a matrix is equal to the 
maximum number of nonzero entries, no two of which lie in a common line. 


16.2.4 Using Exercise 16.1.15, give an inductive proof of the Konig—Egervary The- 
orem (8.32). (D. DE CAEN) 


*16.2.5 Let A:= (A; :7€ J) bea finite family of subsets of a finite set A, and let 
f :1I—N be a nonnegative integer-valued function. An f-SDR of A is a family 
(5; : i € I) of disjoint subsets of A such that S; C A; and |S;| = f(i), i € I. (Thus, 
when f(¢) = 1 for alli € J, an f-SDR of A is simply an SDR of A.) 


a) Consider the family 6 of subsets of A consisting of f(i) copies of A;, 7 € I. 
Show that A has an f-SDR if and only if 6 has an SDR. 
b) Deduce, with the aid of Hall’s Theorem (16.4), that A has an f-SDR if and 


only if 
Us 


ied 


>So f(é) forall JCI 
ied 


16.2.6 


a) Show that every minimal covering of a bipartite graph G[X, Y] is of the form 
N(S) U(X \S) for some subset S of X. 
b) Deduce Hall’s Theorem (16.4) from the K6nig-Egervary Theorem (8.32). 


*16.2.7 Let G := G[X, Y] be a bipartite graph, let 1/* be a maximum matching 
in G, and let U be the set of vertices in X not covered by M*. Denote by Z the 
set of all vertices in G reachable from some vertex in U by M*-alternating paths, 
and set R:= XZ and B:= Y/N Z. Show that: 


a) K* := (X \ R)U B is a covering of G, 
b) || = |M". 


*16.2.8 THE KONIG-ORE FORMULA 


a) Let G := G[X,Y] be a bipartite graph, M a matching in G, and U the set of 
vertices in X not covered by M. Show that: 
i) for any subset S of X, |U| > |N(S)| — | SI, 
ii) |U| = |N(S)| — |S| if and only if M is a maximum matching of G. 
b) Prove the following generalization of Hall’s Theorem (16.4): 
The matching number of a bipartite graph G := G[X,Y] ts given by: 


a’ = |X| — max{|S| —|N(S)|: SC X} 
This expression for a’ is known as the Kénig-Ore Formula. 


16.2.9 Deduce from the K6nig—Egervary Theorem (8.32) that if G:= G[X,Y] is 
a simple bipartite graph, with |X| = |Y| =n and m > (k —1)n, then a’ > k. 
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16.2.10 


a) Let G be a graph and let (X,Y) be a partition of V such that G[X] and G[Y] 
are both k-colourable. If the edge cut [X,Y] has at most k — 1 edges, show 
that G also is k-colourable. (P. KAINEN) 

b) Deduce that every k-critical graph is (k — 1)-edge-connected. (G.A. DIRAC) 


ee 


*16.2.11 Recall that an edge covering of a graph without isolated vertices is a set 
of edges incident with all the vertices, and that the number of edges in a minimum 
edge covering of a graph G is denoted by @’(G). Show that a’ + 6’ = n for any 
graph G without isolated vertices. (T. GALLAT) 


16.2.12 Let G := G[X, Y] be a bipartite graph in which each vertex of X is of odd 
degree. Suppose that any two vertices of X have an even number of common neigh- 
bours. Show that G has a matching covering every vertex of X. (N. ALON) 


16.2.13 Let G := G[X,Y] be a bipartite graph such that d(x) > 1 for all a © X 
and d(x) > d(y) for all ay € E, where x € X and y € Y. Show that G has a 
matching covering every vertex of X. (N. ALON) 


16.2.14 Show that a bipartite graph G[X,Y] has an f-factor with f(x) = 1 for 
all x € X and f(y) <k for all y € Y if and only if |N(S)| > |S|/k for all S CX. 


16.2.15 A 2-branching is a branching in which each vertex other than the root has 
outdegree at most two. Let T be a tournament, and let v be a vertex of maximum 
outdegree in T. Set Y:=N*(v) and X := V \ (Y U {v}), and denote by G[X,Y] 
the bipartite graph in which x € X is adjacent to y € Y if and only if y dominates 
x in T. For S C X, denote by N(S) the set of neighbours of S$ in G. 


a) Show that |N(S)| > $|S|, for all S CX. 
b) By applying Exercise 16.2.14, deduce that T has a spanning 2-branching of 
depth at most two with root a. (X. Lu) 


16.2.16 Let C = {C,: 1 <i<n} bea family of n directed cycles in a digraph D. 
Show that there exist arcs a; € A(C;), 1 <i <n, such that D[{a; :1<1i< n}] 
contains a directed cycle. (A. FRANK AND L. LovAsz) 


16.2.17 


a) Let G be a graph in which each vertex is of degree either k or k + 1, where 

k > 1. Prove that G has a spanning subgraph AH in which: 
i) each vertex is of degree either k or k + 1, 
ii) the vertices of degree k + 1 form a stable set. 

b) Let H be a graph satisfying conditions (i) and (ii) of (a), where k > 1. Denote 
by X the set of vertices in H of degree k +1 and by Y the set of vertices in 
HT of degree k. Prove that H has a spanning bipartite subgraph B(X,Y) in 
which: 
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i) each vertex of X has degree k +1, 
ii) each vertex of Y has degree at most k. 

c) Let B(X, Y) be a bipartite graph satisfying conditions (i) and (ii) of (b). Prove 
that there is a matching M in B which covers every vertex of X. 

d) Deduce from (a), (b), and (c) that if G is a graph in which each vertex is of 
degree either k or k+ 1, where k > 1, then G contains a spanning subgraph 
in which each vertex is of degree either k — 1 or k. 

(W.T. TuTTE; C. THOMASSEN) 


16.2.18 THE BIRKHOFF—-VON NEUMANN THEOREM 

A nonnegative real matrix is doubly stochastic if each of its line sums is 1. A 
permutation matrix is a (0,1)-matrix which has exactly one 1 in each line. (Thus 
every permutation matrix is doubly stochastic.) Let Q be a doubly stochastic 
matrix. Show that: 


a) Q is a square matrix, 
b) Q can be expressed as a convex linear combination of permutation matrices, 
that is, 
Q=cPi+cPo+--++chPx 


where each P; is a permutation matrix, each c; is a nonnegative real number, 
and ce Cp =, (G. BIRKHOFF; J. VON NEUMANN) 


16.2.19 Let A := (A; :i€ J) and B := (B; : 7 € I) be two finite families of subsets 
of a finite set A. Construct a digraph D(x,y) with the property that some SDR 
of A is also an SDR of 6 if and only if there are || internally disjoint directed 
(a, y)-paths in D. 


16.2.20 Let H be a finite group and let K be a subgroup of H. Show that there 
exist elements h1,ho,...,h, € H such that hy K,hoK,...,h,K are the left cosets 
of K and Khy, Kho,..., Kh,» are the right cosets of K. (P. HALL) 


16.2.21 Let G[X,Y] be a bipartite graph, and let S$; and Sp be subsets of X. 
Show that 
|N(S1)| + |N(S2)| 2 |N(S1 U $2)| + |N (S19 S2)| 


16.2.22 Let G[X,Y] be a bipartite graph in which |N(S)| > |.S| for all SC X. 


a) A subset S of X is said to be tight if |N(S)| = |S]. Deduce from Exercise 16.2.21 
that the union and intersection of tight subsets are tight also. 

b) Deduce Hall’s Theorem (16.4), that G has a matching covering X, by induction 
on n, proceeding as follows. 

i) Suppose, first, that there are no nonempty proper tight subsets of X. Let 
xy be an edge of G[X,Y] with x € X and y € Y. Show that, for every 
subset S of X \ {a}, |N@(S)| > |S|, where G’ = G — {x,y}. (In this case, 
by induction, G’ has a matching M’ that covers X \ {x}, and M’ U {xy} 
is a matching of G that covers X.) 
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ii) Suppose, now, that T is a nonempty proper tight subset of X. Let G, 
denote the subgraph of G induced by TU N(T) and let Gz := G— (TU 
N(T)). Show that |Ne,(S)| > |S], for all S C T and |Ne,(S)| > |S|, for 
all S C X \ T. (In this case, by induction, G, has a matching M, that 
covers T, and G2 has a matching M2 that covers X \T, so M,U M2 isa 
matching of G that covers X.) (P.R. HALMOS AND H.E. VAUGHN) 


16.2.23 A nonempty connected graph is matching-covered if every edge belongs 
to some perfect matching. Let G := G[LX,Y] be a connected bipartite graph with 
a perfect matching. Show that: 


a) G is matching-covered if and only if X has no nonempty proper tight subsets, 
b) if G is matching covered, then G — {x,y} has a perfect matching for all « € X 
and ally <cY. 


16.2.24 DULMAGE-~MENDELSOHN DECOMPOSITION 

Let G[X, Y] be a bipartite graph with a perfect matching. Show that there exist a 
positive integer k and partitions (X1, Xo,...,X,) of X and (Yi, Yo,...,Y,) of Y 
such that, for 1 <i<k, 


i) the subgraph G[X; U Yj] of GLX, Y] induced by X; UY; is matching-covered, 
ii) N(X;) CY, UY2U---UY;. (L. DULMAGE AND N.S. MENDELSOHN) 


16.2.25 Let G be a matching-covered bipartite graph. 


a) Show that G has an odd-ear decomposition, that is, a nested sequence of sub- 
graphs (Go, Gi, os .,Gr) such that Go = Ka, Gi = G, and, Gi4i = G; U P,, 
0 <i<k, where P; is an ear of G; of odd length. 

b) Show that, in any such decomposition, G; is matching-covered for all i, 0 < 
i<k. 

c) Deduce that G has m — n+ 2 perfect matchings whose incidence vectors are 
linearly independent. 

d) The matching space of G is the vector space generated by the set of incidence 
vectors of perfect matchings of G. Show that the dimension of this space is 
m—n+2. (J. EpMonps, L. LovAsz, AND W.R. PULLEYBLANK) 


(The corresponding results for nonbipartite matching-covered graphs are consid- 
erably more difficult; see Carvalho et al. (2002).) 


16.2.26 


a) Let G[X, Y] be a bipartite graph on 2n vertices in which all vertices have degree 
three except for one vertex in X and one vertex in Y, which have degree two. 
Show that pm(G) > 2(4/3)"7!. 

b) Deduce that if G is a cubic bipartite graph on 2n vertices, then pm(G) > 
(4/3)”. (M. VOORHOEVE) 
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16.2.27 


a) Let G[X,Y] be an infinite bipartite graph. Show that the condition |N(S)| > 
|S|, for every finite subset S of X, is a necessary condition for G to have a 
matching covering every vertex of X. 

b) Give an example of a countable bipartite graph G[X, Y] for which this condi- 
tion is not sufficient for the existence of such a matching. 


16.3 Matchings in Arbitrary Graphs 


In this section, we derive a min—max formula for the number of edges in a maximum 
matching of an arbitrary graph, analogous to the K6nig—Ore Formula for bipartite 
graphs (see Exercise 16.2.8). We begin by establishing an upper bound for this 
number. 


BARRIERS 


If M is a matching in a graph G, each odd component of G must clearly include 
at least one vertex not covered by M. Therefore |U| > o(G), where U denotes the 
set of such vertices and o(G) the number of odd components of G. This inequality 
can be extended to all induced subgraphs of G as follows. 

Let S be a proper subset of V and let M be a matching in G. Consider an odd 
component H of G — S. If every vertex of H is covered by M, at least one vertex 
of H must be matched with a vertex of S. Because no more than |S| vertices of 
G—S can be matched with vertices of S, at least o(G — S$) —|S| odd components 
of G must contain vertices not covered by M. This observation yields the following 
inequality, valid for all proper subsets S of V. 


|U| > o(G— S$) -|S| (16.2) 


From this inequality we may deduce, for example, that the Sylvester graph (of 
Figure 16.5) has no perfect matching, because three odd components are obtained 
upon deleting its central cut vertex. Likewise, the indicated set S of three vertices 
in the graph G of Figure 16.8a shows that any matching M must leave at least 
5 — 3 = 2 uncovered vertices because G — S$ has five odd components (and one 
even component), as shown in Figure 16.8b. 

Note that if equality should hold in (16.2) for some matching M and some 
subset S := B of V, that is, if 


|U| = 0G — B)— |B (16.3) 


where |U| = v(G) — 2|M|, then the set B would show that the matching M 
leaves as few uncovered vertices as possible, and hence is a maximum matching 
(Exercise 16.3.1). Thus, B would serve as a succinct certificate of the optimality 
of M. Such a set B is called a barrier of G. The set of three vertices indicated in 
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AL 


Fig. 16.8. A set S with o(G—S) >|S| 


the graph of Figure 16.8 is a barrier, because this graph has a matching covering 
all but two of its vertices (see Figure 16.15a). 

A matchable graph (one with a perfect matching) has both the empty set 
and all singletons as barriers. The empty set is also a barrier of a graph when 
some vertex-deleted subgraph is matchable. Graphs which are very nearly match- 
able, in the sense that every vertex-deleted subgraph is matchable, are said to be 
hypomatchable or factor-critical. In particular, trivial graphs are hypomatchable. 
For future reference, we state as a lemma the observation that all hypomatchable 
graphs have the empty set as a barrier. (Indeed, the empty set is their only barrier, 
see Exercise 16.3.8.) 


Lemma 16.8 The empty set is a barrier of every hypomatchable graph. 


THE TUTTE-BERGE THEOREM 


In a bipartite graph, a minimum covering constitutes a barrier of the graph (Ex- 
ercise 16.3.4). More generally, every graph has a barrier. This fact is known as the 
Tutte-Berge Theorem. We present a proof by Gallai (1964a) of this theorem. It 
proceeds by induction on the number of vertices. By Lemma 16.8, a trivial graph 
has the empty set as barrier. 

Recall that a vertex v of a graph G is essential if every maximum matching 
covers v, and inessential otherwise. Thus v is essential if a/(G — v) = a/(G) - 1 
and inessential if a/(G — v) = a’(G). We leave the proof of the following lemma as 
an exercise (16.3.5). 


Lemma 16.9 Let v be an essential verter of a graph G and let B be a barrier of 
G—v. Then BU {v} is a barrier of G. 


By Lemma 16.9, in order to show that every graph has a barrier, it suffices to 
consider graphs with no essential vertices. It turns out that such graphs always 
have the empty set as a barrier. We establish this fact for connected graphs. Its 
validity for all graphs can be deduced without difficulty from this special case 
(Exercise 16.3.6). 
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Lemma 16.10 Let G be a connected graph no vertex of which is essential. Then 
G is hypomatchable. 


Proof Since no vertex of G is essential, G has no perfect matching. It remains 
to show that every vertex-deleted subgraph has a perfect matching. If this is not 
so, then each maximum matching leaves at least two vertices uncovered. Thus it 
suffices to show that for any maximum matching and any two vertices in G, the 
matching covers at least one of these vertices. We establish this by induction on 
the distance between these two vertices. 

Consider a maximum matching M and two vertices x and y in G. Let «Py bea 
shortest xy-path in G. Suppose that neither x nor y is covered by M. Because M 
is maximal, P has length at least two. Let v be an internal vertex of P. Since «Pu 
is shorter than P, the vertex v is covered by M, by induction. On the other hand, 
because v is inessential, G has a maximum matching M’ which does not cover v. 
Furthermore, because «Pv and vPy are both shorter than P, the matching M’ 
covers both x and y, again by induction. 

The components of G[M A M"] are even paths and cycles whose edges belong 
alternately to M and M’ (Exercise 16.1.5). Each of the vertices x, v, y is covered by 
exactly one of the two matchings and thus is an end of one of the paths. Because 
the paths are even, x and y are not ends of the same path. Moreover, the paths 
starting at x and y cannot both end at v. We may therefore suppose that the path 
Q that starts at x ends neither at v nor at y. But then the matching M’ A E(Q) 
is a maximum matching which covers neither x nor v, contradicting the induction 
hypothesis and establishing the lemma. 


One may now deduce (Exercise 16.3.7) the following fundamental theorem and 
corollary. These results, obtained by Berge (1958), can also be derived from a 


theorem of Tutte (1947a) on perfect matchings (Theorem 16.13). 


Theorem 16.11 THE TUTTE-BERGE THEOREM 
Every graph has a barrier. 


Corollary 16.12 THE TUTTE-BERGE FORMULA 
For any graph G: 


sey = smin{v(@) —(o(@-$)—|S1) :SCV} 


A refinement of Theorem 16.11 states that every graph G has a barrier B such 
that each odd component of G — B is hypomatchable and each even component 
of G — B has a perfect matching. Such a barrier is known as a Gallai barrier. 
In Section 16.5, we present a polynomial-time algorithm which finds not only a 
maximum matching in a graph, but also a succinct certificate for the optimality 
of the matching, namely a Gallai barrier. 
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Exercises 


*16.3.1 Let M be a matching in a graph G, and let B be a set of vertices of G 
such that |U| = o(G — B) — |B], where U is the set of vertices of G not covered by 
M. Show that M is a maximum matching of G. 


*16.3.2 Let G be a graph and S a proper subset of V. Show that o(G—S)—|S|= 
u(G) (mod 2). 


*16.3.3 Show that the union of barriers of the components of a graph is a barrier 
of the entire graph. 


*16.3.4 Show that, in a bipartite graph, any minimum covering is a barrier of the 
graph. 


*16.3.5 Give a proof of Lemma 16.9. 


*16.3.6 Deduce from Lemma 16.10 that the empty set is a barrier of every graph 
without essential vertices. 


*16.3.7 


a) Prove the Tutte-Berge Theorem (Theorem 16.11) by induction on the number 
of vertices. 

b) Deduce the Tutte-Berge Formula (Corollary 16.12) from the Tutte—Berge The- 
orem. 


16.3.8 


a) Show that: 
i) a graph is hypomatchable if and only if each of its blocks is hypomatchable, 
ii) a graph G is hypomatchable if and only if o(G — S) < |S| —1 for every 
nonempty proper subset S of V. 
b) Deduce that a graph is hypomatchable if and only if the empty set is its only 
barrier. 


16.3.9 Let B be a maximal barrier of a graph G. Show that each component of 
G — B is hypomatchable. 


16.3.10 Let G be a graph and let (X,Y) be a partition of V with X,Y 4 @. Show 
that if both G/X and G/Y are hypomatchable, then G is hypomatchable. 


16.3.11 Let G be a nonseparable graph which has an odd-ear decomposition start- 
ing with an odd cycle (instead of K2). Show that G is hypomatchable. 
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16.3.12 


a) Let x and y be adjacent inessential vertices of a graph G and let M and N 
be maximum matchings of G—« and G — y, respectively. Show that G has an 
xy-path of even length whose edges belong alternately to N and M. 

b) Deduce that every nontrivial hypomatchable graph G contains an odd cycle C 
such that G/C is hypomatchable. 

c) Prove the converse of the statement in Exercise 16.3.11: show that every non- 
trivial nonseparable hypomatchable graph has an odd-ear decomposition start- 
ing with an odd cycle (instead of K2). (L. LovAsz) 


16.3.13 Let G be a k-chromatic graph containing no stable set of three vertices 
and no clique of k vertices, where k > 3. Let ky + kg be a partition of k + 1 such 
that kj, ko > 2. By appealing to Exercises 16.1.3 and 16.3.9, show that G has 
disjoint subgraphs G'; and G2 such that y(G) = k, and x(G2) = ko. 

(L. LovAsz AND P.D. SEYMouR) 
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TUTTE’S THEOREM 


Ifa graph G has a perfect matching M, then it follows from (16.2) that o(G— S$) < 
|S| for all S C V, because the set U of uncovered vertices is empty. The following 
fundamental theorem due to Tutte (1947a) shows that the converse is true. It is a 
special case of the Tutte-Berge Formula (Corollary 16.12). 


Theorem 16.13 TUTTE’S THEOREM 
A graph G has a perfect matching if and only if 


(G—S)<|S| forall SCV (16.4) 


Proof As already noted, (16.4) holds if G has a perfect matching. Conversely, let 
G be a graph which has no perfect matching. Consider a maximum matching M* of 
G, and denote by U the set of vertices in G not covered by M*. By Theorem 16.11, 
G has a barrier, that is, a subset B of V such that o(G — B) —|B| = |U|. Because 
M* is not perfect, |U| is positive. Thus 


o(G — B)=|B] + |U| = |Bl +1 


and Tutte’s condition (16.4) fails for the set S := B. 


The first significant result on perfect matchings in graphs was obtained by 
Petersen (1891) in connection with a problem about factoring homogeneous poly- 
nomials into irreducible factors (see Biggs et al. (1986) and Sabidussi (1992)). In 
this context, perfect matchings correspond to factors of degree one; it is for this 
reason that they are also referred to as ‘1-factors’; it is also the origin of the term 
‘degree’. Petersen was particularly interested in the case of polynomials of degree 
three; these correspond to 3-regular graphs. 


16.4 Perfect Matchings and Factors 431 


Theorem 16.14 PETERSEN’S THEOREM 
Every 3-regular graph without cut edges has a perfect matching. 


Proof We derive Petersen’s Theorem from Tutte’s Theorem (16.13). 

Let G be a 3-regular graph without cut edges, and let S be a subset of V. 
Consider the vertex sets $;,52,...,5,, of the odd components of G — S. Because 
G has no cut edges, d(S;) > 2, 1 <i < k. But because |S;| is odd, d(S;) is odd 
also (Exercise 2.5.5). Thus, in fact, 


GS). 23, Les & 
Now the edge cuts 0(S;) are pairwise disjoint, and are contained in the edge cut 
O(S), so we have: 


k 
3k < S > d(S;) = d(UL, S;) < d(S) < 3|5| 
i=1 


Therefore o(G — S) =k < |S], and it follows from Theorem 16.13 that G has a 
perfect matching. 


The condition in Petersen’s Theorem that the graph be free of cut edges can- 
not be omitted: the Sylvester graph of Figure 16.5, for instance, has no perfect 
matching. However, a stronger form of the theorem may be deduced from Tutte’s 
Theorem (16.13), namely that each edge of a 3-regular graph without cut edges 
belongs to some perfect matching (Exercise 16.4.8). 


FACTORS 


Let G be a graph and let f be a nonnegative integer-valued function on V. An 
f-factor of G is a spanning subgraph F' of G such that dr(v) = f(v) for allu € V. 
A k-factor of G is an f-factor with f(v) := k for all v € V; in particular, a 1-factor 
is a spanning subgraph whose edge set is a perfect matching and a 2-factor is a 
spanning subgraph whose components are cycles. 

Many interesting graph-theoretical problems can be solved in polynomial time 
by reducing them to problems about 1-factors. One example is the question of 
deciding whether a given graph G has an f-factor. Tutte (1954b) showed how this 
problem can be reduced to the problem of deciding whether a related graph G’ 
has a 1-factor. We now describe this reduction procedure. We may assume that 
d(v) > f(v) for all v € V; otherwise G obviously has no f-factor. For simplicity, 
we assume that our graph G is loopless. 

For each vertex v of G, we first replace v by a set Y, of d(v) vertices, each of 
degree one. We then add a set X, of d(v) — f(v) vertices and form a complete 
bipartite graph H., by joining each vertex of X, to each vertex of Y,. In effect, the 
resulting graph H is obtained from G by replacing each vertex v by a complete 
bipartite graph H,[X,, Y,] and joining each edge incident to v to a separate element 
of Y,. Figure 16.9 illustrates this construction in the case of 2-factors. Note that 
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Fig. 16.9. Polynomial reduction of the 2-factor problem to the 1-factor problem 


G can be recovered from H simply by shrinking each bipartite subgraph H, to a 
single vertex v. 

In H, the vertices of X, are joined only to the vertices of Y,. Thus if F' is a 
1-factor of H, the d(v) — f(v) vertices of X, are matched by F' with d(v) — f(v) of 
the d(v) vertices in Y,. The remaining f(v) vertices of Y, are therefore matched 
by F with f(v) vertices of V(H) \ V(H,). Upon shrinking H to G, the 1-factor F 
of H is therefore transformed into an f-factor of G. Conversely, any f-factor of G 
can easily be converted into a 1-factor of H. 

This reduction of the f-factor problem to the 1-factor problem is a polynomial 
reduction (Exercise 16.4.2). 


T-JOINS 


A number of problems in graph theory and combinatorial optimization amount to 
finding a spanning subgraph H of a graph G (or a spanning subgraph of minimum 
weight, in the case of weighted graphs) whose degrees have prescribed parities 
(rather than prescribed values, as in the f-factor problem). Precise statements of 
such problems require the notion of a T-join. 
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Let G be a graph and let T be an even subset of V. A spanning subgraph H 
of G is called a T-join if dy(v) is odd for all v € T and even for all v € V\T. For 
example, a 1-factor of G is a V-join; and if P is an xy-path in G, the spanning 
subgraph of G with edge set E(P) is an {x, y}-join. 


Problem 16.15 THE WEIGHTED T-JOIN PROBLEM 
GIVEN: a weighted graph G := (G,w) and a subset T of V, 
FIND: a minimum-weight T-join in G (if one exists). 


As remarked above, the Shortest Path Problem may be viewed as a partic- 
ular case of the Weighted T-Join Problem. Another special case is the Postman 
Problem, described in Exercise 16.4.22, whose solution involves finding a minimum- 
weight T-join when T is the set of vertices of odd degree in the graph (see Exer- 
cises 16.4.21 and 16.4.22). 

By means of a construction similar to Tutte’s reduction of the 2-factor problem 
to the 1-factor problem, one may obtain a polynomial reduction of the Weighted 
T-Join Problem to the following problem (see Exercise 16.4.21). 


Problem 16.16 THE MINIMUM-WEIGHT MATCHING PROBLEM 
GIVEN: a weighted complete graph G := (G,w) of even order, 
FIND: a minimum-weight perfect matching in G. 


This latter problem can be seen to include the maximum matching problem: it 
suffices to embed the input graph G in a complete graph of even order, and assign 
weight zero to each edge of G and weight one to each of the remaining edges. 
Edmonds (1965b) found a polynomial-time algorithm for solving the Minimum- 
Weight Matching Problem. His algorithm relies on techniques from the theory of 
linear programming, and on his characterization of the perfect matching polytope 
(see Exercise 17.4.5). 


Exercises 


16.4.1 Show that a tree G has a perfect matching if and only if o(G — v) = 1 for 
allveV. (V. CHUNGPHAISAN) 


*16.4.2 


a) Show that Tutte’s reduction of the f-factor problem to the 1-factor problem 
is a polynomial reduction. 

b) Describe how this polynomial reduction of the f-factor problem to the 1-factor 
problem can be generalized to handle graphs with loops. 


16.4.3 Let G be a graph, and let F' := G[X] be an induced subgraph of V. Form 
a graph H from G as follows. 


> Add edges between nonadjacent pairs of vertices in V \ X. 
> If nm is odd, add a new vertex and join it to all vertices in V \ X. 
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a) Show that there is a matching in G covering all vertices in X if and only if H 
has a perfect matching. 

b) By applying Tutte’s Theorem (16.13), deduce that G has a matching covering 
every vertex in X if and only, for all S C V, the number of odd components 
of G— S which are subgraphs of F' — S is at most |S]. 

c) Now suppose that F is bipartite. Using Exercise 16.3.9, strengthen the state- 
ment in (b) to show that there is a matching covering all vertices in X if and 
only if, for all S C V, the number of isolated vertices of G — S which belong 
to F — S is at most |S]. 


16.4.4 Using Exercise 16.4.3b, derive Hall’s Theorem (16.4) from Tutte’s Theorem 
(16.13). 


16.4.5 Let G be a graph whose vertices of degree A induce a bipartite subgraph. 
Using Exercise 16.4.3c, show that there is a matching in G covering all vertices of 
degree A. (H. KIERSTEAD) 


ee 


16.4.6 Derive the Tutte-Berge Formula (Corollary 16.12) from Tutte’s Theorem 
(16.13). 


16.4.7 Let G be a graph with a perfect matching and let x,y € V. 


a) Show that there is a barrier of G containing both a and y if and only if 
G — {x,y} has no perfect matching. 

b) Suppose that « and y are adjacent. Deduce from (a) that there is a perfect 
matching containing the edge xy if and only if no barrier of G contains both 
x and y. 


16.4.8 Deduce from Tutte’s Theorem (16.13) that every edge of a 3-regular graph 
without cut edges belongs to some perfect matching. 


16.4.9 


a) For k > 1, show that every (k — 1)-edge-connected k-regular graph on an even 
number of vertices has a perfect matching. 

b) For each k > 2, give an example of a (k — 2)-edge-connected k-regular graph 
on an even number of vertices with no perfect matching. 


16.4.10 A graph G on at least three vertices is bicritical if, for any two vertices u 
and v of G, the subgraph G — {u,v} has a perfect matching. 


a) Show that a graph is bicritical if and only if it has no barriers of cardinality 
greater than one. 

b) Deduce that every essentially 4-edge-connected cubic nonbipartite graph is 
bicritical. 
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16.4.11 


a) Show that every connected claw-free graph on an even number of vertices has 
a perfect matching. (M. LAs VERGNAS; D. SUMNER) 

b) Deduce that every 2-connected claw-free graph on an odd number of vertices 
is hypomatchable. 


16.4.12 Let G be a simple graph with 6 > 2(nm — 1) and containing no induced 


Kin, where n > 3. Show that G has a 2-factor. (K. OTA AND T. TOKUDA) 
16.4.13 Show that every 2-connected graph that has one perfect matching has at 
least two perfect matchings. (A. KorTzic) 
16.4.14 


a) Show that a simple graph on 2n vertices with exactly one perfect matching 
has at most n? edges. 

b) For all n > 1, construct a simple graph on 2n vertices with exactly one perfect 
matching and exactly n? edges. 


16.4.15 Let H = (V,F) beahypergraph. A cycle in H is a sequence 0; Fy v2 Fo... vz 
F,Up4i, where vj, 1 <i <k, are distinct vertices, F;, 1 <7 <k, are distinct edges, 
Up¢1 = U1, and {v;,vi41} C Fi, 1 <i < k. The hypergraph H is balanced if ev- 
ery odd cycle v1 Fy v2F>... vak41F2¢4101 includes an edge containing at least three 
vertices of the cycle. A perfect matching in H is a set of disjoint edges whose union 
is V. Show that a balanced hypergraph (V,F) has a perfect matching if and only if 
there exist disjoint subsets X and Y of V such that |X| > |Y| and |XNF| < |YNF| 
for all FE F 


*16.4.16 A graph G is k-factorable if it admits a decomposition into k-factors. 
Show that: 


a) every k-regular bipartite graph is 1-factorable, (D. Konia) 
b) every 2k-regular graph is 2-factorable. (J. PETERSEN) 
16.4.17 


a) Show that the thickness of a 2k-regular graph is at most k. 
b) Find a 4-regular graph of thickness two and a 6-regular graph of thickness 
three. 


16.4.18 Show that every triangulation with m edges contains a spanning bipartite 
subgraph with 2m/3 edges. (F. HARARY AND D. MATULA) 


16.4.19 Show that every 2-connected 3-regular graph on four or more vertices 
admits a decomposition into paths of length three. 


16.4.20 Let G be a graph. For v € V, let L(v) C {0,1,...,d(v)} be a list of 
integers associated with v. 
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a) Show that G has an f-factor with f(v) € L(v) for all v € V if |L(v)| > d*(v)+1 
for all v € V, where D is an orientation of G. 

(A. FRANK, L. LAo, AND J. SZABO; J.A. BONDYy) 

b) Deduce that G has an f-factor with f(v) € L(v) for all v € V if |Z(v)| > 

[d(v)/2], for allu EV. (H. SHIRAZI AND J. VERSTRAETE) 


16.4.21 


a) Find a reduction of the Minimum-Weight T-Join Problem (16.15) to the 
Minimum-Weight Matching Problem (16.16). 

b) Let G be a graph, let T be the set of vertices of odd degree in G, and let H be 
a T-join of G. Show that the graph obtained from G by duplicating the edges 
of H is an even graph. 


16.4.22 THE POSTMAN PROBLEM 

In his job, a postman picks up mail at the post office, delivers it, and then returns 
to the post office. He must, of course, cover each street at least once. Subject to 
this condition, he wishes to choose a route entailing as little walking as as possible. 


a) Show that the Postman Problem is equivalent to the following graph-theoretic 
problem. 


Problem 16.17 MINIMUM-WEIGHT EULERIAN SPANNING SUBGRAPH 
GIVEN: a weighted connected graph G := (G,w) with nonnegative weights, 
FIND: by duplicating edges (along with their weights), an eulerian weighted 

spanning supergraph H of G whose weight w(H) is as small as possible. 

(An Euler tour in H can then be found by applying Fleury’s Algorithm (3.3).) 


(M. Guan) 


b) In the special case where G has just two vertices of odd degree, explain how 
the above problem can be solved in polynomial time. 


16.4.23 SHORTEST EVEN AND ODD PATHS 
Let G := G(a,y) be a graph, and let H be the graph obtained from G 0 K2 by 
deleting the copies of x and y in one of the two copies of G. 


a) Find a bijection between the xy-paths of even length in G and the perfect 
matchings in H. 

b) By assigning weights 0 and 1 to the edges of H in an appropriate way and 
applying the weighted version of Edmonds’ Algorithm, show how to find, in 
polynomial time, a shortest xy-path of even length in G. 

c) By means of a similar construction, show how to find, in polynomial time, a 
shortest xy-path of odd length in G. (J. EDMONDS) 


16.4.24 By using minimum-weight matchings, refine the 2-approximation algo- 
rithm for the Metric Travelling Salesman Problem presented in Section 8.4, 
so as to obtain a polynomial-time 3-approximation algorithm for this prob- 
lem. (N. CHRISTOFIDES) 
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16.5 Matching Algorithms 


This final section of the chapter is devoted to the description of a polynomial- 
time algorithm for finding a maximum matching in an arbitrary graph. We first 
consider the easier case of bipartite graphs, and then show how that algorithm can 
be refined to yield one applicable to all graphs. 


AUGMENTING PATH SEARCH 


Berge’s Theorem (16.3) suggests a natural approach to finding a maximum match- 
ing in a graph. We start with some matching M (for example, the empty matching) 
and search for an M/-augmenting path. If such a path P is found, we replace M by 
M A E(P). We repeat the procedure until no augmenting path with respect to the 
current matching can be found. This final matching is then a maximum matching. 

The challenge here is to carry out an exhaustive search for an M-augmenting 
path in an efficient manner. This can indeed be achieved. In this section, we de- 
scribe a polynomial-time algorithm which either finds an M-augmenting path in 
a bipartite graph, or else supplies a succinct certificate that there is no such path. 
This algorithm, as well as its extension to arbitrary graphs, is based on the notion 
of an M-alternating tree. 

Let G be a graph, WM a matching in G, and u a vertex not covered by M. A 
tree T of G is an M-alternating u-tree if u € V(T) and, for any v € V(T), the 
path uv is an M-alternating path. An M-alternating u-tree T is M-covered if 
the matching Mm E(T) covers all vertices of T except u (see Figures 16.10a and 
16.10c). 

There is a simple tree-search algorithm, which we refer to as Augmenting Path 
Search, that finds either an M-augmenting u-path or else a maximal M-covered 
u-tree (that is, an M-covered u-tree which can be grown no further). We call such 
a tree an APS-tree (rooted at u). 

Augmenting Path Search begins with the trivial M-covered tree consisting of 
just the vertex u. At each stage, it attempts to extend the current M-covered 
u-tree T to a larger one. We refer to those vertices at even distance from u in T as 
red vertices and those at odd distance as blue vertices; these sets will be denoted 
by R(T) and B(T), respectively (so that (R(T), B(T)) is a bipartition of T, with 
u € R(T)). In the M-covered u-tree T displayed in Figure 16.10a, the red vertices 
are shown as solid dots and the blue vertices as shaded dots. 

Consider an M-covered u-tree T’. Being M-covered, T contains no M-augment- 
ing u-path. If there is such a path in G, the edge cut 0(T) necessarily includes an 
edge of this path. Accordingly, we attempt to extend T to a larger M-alternating 
u-tree by adding to it an edge from its associated edge cut 0(T). This is possible 
only if there is an edge xy with « € R(T) and y € V(G)\V(T). If there is no such 
edge, then T is an APS-tree rooted at u, and the procedure terminates. If, on the 
other hand, there is such an edge, two possibilities arise. Either y is not covered 
by M, in which case we have found our M-augmenting path (Figure 16.10b), or y 
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is incident to an edge yz of M, and we grow T into a larger M-covered u-tree by 
adding the two vertices y and z and the two edges xy and yz (Figure 16.10c). 


(a) (b) (c) 


Fig. 16.10. Augmenting Path Search: growing an M-covered tree 


This tree-growing operation is repeated until either an M-augmenting u-path P 
is found, in which case the matching M is replaced by MA E(P), or the procedure 
terminates with an APS-tree T. It can be summarized as follows. 


Algorithm 16.18 AUGMENTING PATH SEARCH: APS(G, M, u) 


INPUT: a graph G, a matching M in G, and an uncovered vertex u of G 
OUTPUT: a matching M with one more edge than the input matching, or an 
APS-tree T with root u(T), a bipartition (R(T), B(T)) of T, and the set M(T) 
of matching edges in T 

1: set V(T) := {u}, E(LT) :=90, R(T) := {u} 

2: while there is an edge xy with x € R(T) and y € V(G) \V(T) do 

3: replace V(T) by V(T)U {y} and E(T) by E(T)U {xy}. 


4 af y 1s not covered by M then 

5 replace M by M A E(P), where P := uTy 

6: return M 

7; else 

8 replace V(T) by V(T) U {z}, E(L) by E(T) U {yz}, and R(T) by 


R(T) U {z}, where yz © M 
9: endif 
10: end while 
11: set:T :=(V(T),E(T)), u(T):=u, B(T):=V(T)\ RL), and M(T) := 
Mn E(T) 
12: return (T,u(T), R(T), B(T), M(T)) 


In the event that APS outputs an APS-tree T, we note for future reference 
that: 
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> because T is M-covered, the vertices of R(T) \ u(T) are matched with the 
vertices of B(T), so 
|B(T)| = |R(T)|—1 (16.5) 


and 
B(T) C N(R(T)) (16.6) 


(where N(R(T)) denotes the set of neighbours of R(T) in G). 
> because T is maximal, no vertex of R(T) is adjacent in G to any vertex of 
V(G) \ V(T); that is, 
N(R(L)) C R(T) U B(T) (16.7) 


If APS finds an M-augmenting path uPy, well and good. We simply apply APS 
once more, replacing M by the augmented matching M A E(P) returned by APS. 
But what if APS returns an APS-tree T? Can we then be sure that G contains no 
M-augmenting u-path? Unfortunately we cannot, as the example in Figure 16.11b 
illustrates. However, if it so happens that no two red vertices of T are adjacent in 
G, that is, if N(R(T))N R(T) = 0, then (16.6) and (16.7) imply that 


N(R(T)) = B(T) (16.8) 


In this case, we may restrict our search for an M/-augmenting path to the subgraph 
G — T. Indeed, the following stronger statement is true (Exercise 16.5.3). 


Proposition 16.19 Let T be an APS-tree returned by APS(G,M,u). Suppose 
that no two red vertices of T are adjacent in G. Then no M-augmenting path in 
G can include any vertex of T. 


(a) (b) 
Fig. 16.11. (a) An APS-tree, (b) an M-augmenting u-path 
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One important instance where condition (16.8) is satisfied is when G is bipar- 
tite. In this case, no two red vertices of T can be adjacent in G because they all 
belong to the same part of the bipartition of G. Thus APS(G, M, u) finds all the 
vertices of G that can be reached by M-alternating u-paths. This observation is 
the basis of the following algorithm for finding a maximum matching in a bipartite 
graph. It was conceived by the Hungarian mathematician Egervary (1931), and 
for this reason is sometimes referred to as the Hungarian Algorithm. 


EGERvARY’S ALGORITHM 


Let G[X,Y] be a bipartite graph. In searching for a maximum matching of G, 
we start with an arbitrary matching M of G (for instance, the empty matching) 
and apply APS to search for an M-augmenting u-path, where wu is an uncovered 
vertex. (If there are no such vertices, M is a perfect matching.) The output of APS 
is either an M-augmenting u-path P, or else an APS-tree T rooted at u. In the 
former case, we replace the matching M by M A E(P) and apply APS once more, 
starting with an uncovered vertex of G with respect to the new matching M, if 
there is one. In the latter eventuality, by Proposition 16.19 we may restrict our 
attention to the subgraph G—V/(T) in continuing our search for an M/-augmenting 
path. We simply record the set M(T) := Mn E(T) (this set will be part of our 
maximum matching), replace the matching M by the residual matching M \ E(T) 
and the graph G by the subgraph G — V(T), and then apply APS once more, 
starting with an uncovered vertex of this subgraph, if there is one. We proceed in 
this way until the subgraph we are left with has no uncovered vertex (so has a 
perfect matching). The output of this algorithm is as follows. 


A set T of pairwise disjoint APS-trees. 

A set R:= U{R(T) : T € T} of red vertices. 

A set B :=U{B(T): T € T} of blue vertices. 

A subgraph F' := G — (RU B) with a perfect matching M(F). 
A matching M* := U{M(T):T € T}U M(F) of G. 

A set U := {u(T) : T € T} of vertices not covered by M*. 


VV VV VV 


(When the initial matching M is perfect, 7 = R= B=, F=G, M* = M, and 
U=0.) 


Example 16.20 Consider the bipartite graph in Figure 16.12a, with the indicated 
matching M. Figure 16.12b shows an M-alternating x)-tree, which is grown until 
the M-augmenting x,-path P := x,y2%2y is found. As before, the red vertices are 
indicated by solid dots and the blue vertices by shaded dots. Figure 16.12c shows 
the augmented matching M A E(P) (the new matching M), and Figure 16.12d 
an M-alternating x4-tree which contains no M-augmenting x4-path and can be 
grown no further, and thus is an APS-tree T, with R(T,) = {21,273,724} and 
B(T,) = {y2,y3}. The set of all vertices reachable in G from x4 by M-alternating 
paths is therefore V(7T1) = {21, 73,4, y2,y3}. This set does not include y4, the 
only other vertex not covered by M. Thus we may conclude that M* := M isa 


16.5 Matching Algorithms 441 


maximum matching. However, for the purpose of illustrating the entire algorithm, 
we continue, deleting V(T,) from G and growing an M-alternating y,-tree in the 
resulting subgraph (see Figure 16.12e), thereby obtaining the APS-tree T> with 
R(T2) = {y1, Y4, ys} and B(T2) = {x2,x5}, as shown in Figure 16.12f. The proce- 
dure ends there, because every vertex of the graph F := G —V(T, U Ty), which 
consists of the vertices xg and yg and the edge xrgye, is covered by M. The output 
of the algorithm is therefore: 


T={%,To}, R={21,23,0%4,1, 94, ys}, B= {y2,y3,%2,05} 


V(F)={te6, ye}, E(F) = {xey6} 
M* = {x1 y2, C2y1,¢3y3,t5y5,cteye}, U = {x4, ya} 


Fig. 16.12. Egervary’s Algorithm: finding a maximum matching in a bipartite graph 


We now verify the correctness of Egervary’s Algorithm. 
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Theorem 16.21 The matching M* returned by Egervary’s Algorithm is a mazi- 
mum matching. 


Proof Let 7, R, B, and U be the sets of trees, red vertices, blue vertices, and 
uncovered vertices returned by Egervary’s Algorithm. Because each tree T € T 
contains exactly one uncovered vertex, namely its root u(T), we have |U| = |7]. 
Also, by (16.5), |B(T)| = |R(L)| — 1 for each tree T € T. Summing this identity 
over all T € T gives 

|B| = |R| -|T| 


Therefore 


\U| = |R| - |BI (16.9) 


Because red vertices are adjacent in G only to blue vertices, in any matching M of 
G, red vertices can only be matched with blue vertices. There are therefore at least 
|R| —|B| red vertices not covered by M. Thus, by (16.9), there are at least |U| such 
vertices, no matter what the matching M. Because there are exactly this number 
of vertices not covered by M*, we conclude that M* is a maximum matching. 


Egervary’s Algorithm returns not only a maximum matching M* but also a 
covering K™* of the same size, which is consequently a minimum covering. To see 
this, let GLX, Y] be a bipartite graph, and let M* be a maximum matching of G. 
Consider the sets R and B of red and blue vertices output by Egervary’s Algorithm 
when applied to G with input matching M*. Set F:= G— (RUB). 

By (16.6) and (16.7), N(R) = B. Thus B covers all edges of G except those 
of F. Because X 1 V(F’) clearly covers E(F’), the union BU (X NV(F)) of these 
two sets is a covering K* of G. Moreover, there is a bijection between M/* and k* 
because each vertex of K* is covered by M* and each edge of M™* is incident with 
just one vertex of K*. Hence |M*| = |A*|. It follows from Proposition 16.7 that 
the covering K* is a minimum covering. 

In view of the relationship between matchings in bipartite graphs and families 
of internally disjoint directed paths in digraphs (as described in Exercise 8.6.7), 
Egervary’s Algorithm may be viewed as a special case of the Max-Flow Min-Cut 
Algorithm presented in Chapter 7. 


BLOSSOMS 


As the example in Figure 16.11b illustrates, Augmenting Path Search is not guar- 
anteed to find an M-augmenting u-path, even if there is one, should there be two 
red vertices in the APS-tree that are adjacent in G. However, if we look more 
closely at this example, we see that the cycle rvxyzr contains two alternating 
ru-paths, namely, the edge rv and the path rzyxv. Because the latter path ends 
with a matching edge, it may be extended by the edge vw, thereby yielding a 
uw-alternating path. 

In general, suppose that T is an APS-tree of G rooted at u, and that x and y 
are two red vertices of T which are adjacent in G. The cycle contained in T + xy 
is then called a blossom. A blossom C' is necessarily of odd length, because each 
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blue vertex is matched with a red vertex and there is one additional red vertex, 
which we call the root of C and denote by r := r(C) (see Figure 16.13a). Note 
that Mm E(C) is a perfect matching of C — r. Note, also, that the path uT'r is 
M-alternating, and terminates with a matching edge (unless 7 = u). Moreover, 
this path is internally disjoint from C. 


(b) 


Fig. 16.13. (a) A blossom C, (b) an M-alternating u-path P’ in G’ := G/C, (c) an 
M-alternating u-path P in G 


The key to finding a maximum matching in an arbitrary graph is to shrink 
blossoms (that is, contract them to single vertices) whenever they are encountered 
during APS. By shrinking a blossom and continuing to apply APS to the resulting 
graph, one might be able to reach vertices by M-alternating u-paths which could 
not have been reached before. For example, if T is an APS-tree with a blossom 
C, and if there happens to be an edge vw with v € V(C) and w € V(G) \ V(T), 
as in Figure 16.13a), then w is reachable from u by an M-alternating path P’ 
in G’ := G/C (see Figure 16.13b, where the shrunken blossom C = rvuaxyzr 
is indicated by a large solid dot), and this path P’ can be modified to an M- 
alternating path P in G by inserting the rv-segment of C that ends with a matching 
edge (Figure 16.13c). In particular, if P’ is an M-augmenting path in G/C, then 
the modified path P is an M-augmenting path of G. We refer to this process of 
obtaining an M-alternating path of G from an M-alternating path of G/C as 
unshrinking C. 

If C is a blossom with root r, we denote the vertex resulting from shrinking C’ 
by r also (and keep a record of the blossom C). The effect of shrinking a blossom 
C is to replace the graph G by G/C, the tree T by (T + xy) /C, where a and 
y are the adjacent red vertices of C, and the matching M by M \ E(C). When 
we incorporate this blossom-shrinking operation into APS, we obtain a modified 
search procedure, APS*. 

By way of illustration, consider the graph G and the matching M shown in 
Figure 16.14a. 
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Fig. 16.14. Finding an M-augmenting path 


We grow an M-alternating tree T rooted at the uncovered vertex u. A blossom 
C = uvwu is found (Figure 16.14b) and shrunk to its root u. In Figure 16.14c, the 
contracted tree (now a single vertex) is grown further, and an M-augmenting path 
uxyz is found in the contracted graph G'/C, giving rise (after unshrinking the 
blossom C’) to the M-augmenting path wowayz in G, as shown in Figure 16.14d. 
The augmented matching is indicated in Figure 16.14e. 

Starting with this new matching M and the vertex a not covered by it, the 
above procedure is now repeated, and evolves as illustrated in Figure 16.15, termi- 
nating with the APS-tree depicted in Figure 16.15g. Note that, because the vertex 
a of Figure 16.15¢c was obtained by shrinking the blossom abca, the blossom adea 
is, in fact, a ‘compound’ blossom. We now examine the structure of such compound 
blossoms. 


FLOWERS 


As the above example illustrates, during the execution of APS*, the graph G 
is repeatedly modified by the operation of shrinking blossoms. Suppose that 
(Co, Ci,...,Ck-1) is the sequence of blossoms shrunk, in that order, during the 
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Fig. 16.15. Growing an APS-tree 


execution of APS*. The original graph G is thus progressively modified, yielding 
a sequence of graphs (Go,Gi,...,G,), where Go := G and, for0 <i< k—1, 
Gi41 = G;/C;. If APS* fails to find an M-augmenting u-path, it terminates 
with an APS-tree TJ; in Gz, no two red vertices of which are adjacent in G,. Let 
us suppose that APS* returns such a tree. 

Because a blossom C; is always shrunk to its root, a red vertex, the blue vertices 
in each of the graphs G; are simply vertices of the original input graph. However, 
the red vertices might well correspond to nontrivial induced subgraphs of the input 
graph. The subgraphs of G corresponding to the red vertices of G; are called the 
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flowers of G associated with T;. For instance, the three flowers of the graph G 
of Figure 16.14a associated with the APS-tree shown in Figure 16.15g are the 
subgraphs of G induced by {a,b,c,d,e}, {g,h,i}, and {u,v, w}. 

Flowers satisfy two basic properties, described in the following proposition. 


Proposition 16.22 Let F be a flower of G. Then: 


i) F is connected and of odd order, 
ii) for any vertex v of F, there is an M-alternating uv-path in G of even length 
(that is, one terminating in an edge of M). 


Proof The proof is by induction on i, where F is a flower associated with T;. We 
leave the details to the reader (Exercise 16.5.8). 


We are now ready to prove the validity of Algorithm APS*. 


Corollary 16.23 Let T;, be an APS-tree of Gp no two red vertices of which are 
adjacent in Gy. Then the red vertices of Ty, are adjacent in Gy only to blue vertices 
of T,. Equivalently, the flowers of G associated with T, are adjacent only to the 
blue vertices of G in Ty. 


Proof It follows from Proposition 16.22(ii) that if G;, has an M-augmenting u- 
path, then so has G. Thus if G has no M-augmenting u-path, no red vertex of T), 
can be adjacent in G;, to any vertex in V(G;) \ V(Zj,) that is not covered by M. 
On the other hand, by the maximality of the APS-tree T;, no red vertex of T), is 
adjacent in G;, to any vertex in V(G;,) \ V(T;,) that is covered by M. Because no 
two red vertices of T;, are adjacent in G,, we deduce that the red vertices of T;, 
are adjacent only to the blue vertices of T;,. 


Recall that when G is a bipartite graph, APS(G, M, w) finds all vertices that can 
be reached by M-alternating u-paths. Algorithm APS*(G, M, u) achieves the same 
objective in an arbitrary graph G. This follows from the fact that if APST(G, M, u) 
terminates with an APS-tree 7;,, every M-alternating u-path in G that terminates 
in a blue vertex is of odd length (Exercise 16.5.10). 


EDMONDS’ ALGORITHM 


The idea of combining Augmenting Path Search with blossom-shrinking is due to 
Edmonds (1965d). It leads to a polynomial-time algorithm for finding a maximum 
matching in an arbitrary graph, in much the same way as Augmenting Path Search 
leads to Egervary’s Algorithm for finding a maximum matching in a bipartite 
graph. 

In searching for a maximum matching of a graph G, we start with an arbitrary 
matching M of G, and apply APS* to search for an M-augmenting u-path in 
G, where u is an uncovered vertex. If such a path P is found, APS* returns the 
larger matching MA E(P); if not, APS* returns an APS-tree T rooted at u. In the 
former case, we apply APS* starting with an uncovered vertex of G with respect 
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to the new matching M, if there is one. In the latter eventuality, in continuing 
our search for an M-augmenting path, we restrict our attention to the subgraph 
G—V(T) (where, by V(T), we mean the set of blue vertices of T' together with 
the set of vertices of G included in the flowers of T’). In this case, we record the set 
M(T) := MN E(T) (this set will be part of our maximum matching), replace the 
matching M by the residual matching M \ E(T) and the graph G by the subgraph 
G-—V(T), and then apply APS* once more, starting with an uncovered vertex of 
G with respect to this new matching, if there is one. We proceed in this way until 
the graph F we are left with has no uncovered vertices (and thus has a perfect 
matching). 

For example, after having found the APS-tree in Figure 16.15g, there remains 
one uncovered vertex, namely 7. The APS-tree grown from this vertex is just the 
trivial APS-tree. The subgraph F' consists of the vertices y and z, together with the 
edge linking them. The red and blue vertices in the two APS-trees are indicated 
in Figure 16.15h. 

The output of Edmonds’ Algorithm is as follows. 


A set T of pairwise disjoint APS-trees. 

A set R:= U{R(T) : T € T} of red vertices. 

A set B :=U{B(T): T € T} of blue vertices. 

A subgraph F' := G — (RU B) of G with a perfect matching M(F). 
A matching M* := U{M(T):T © T}UM(F) of G. 

A set U := {u(T): T € T} of vertices not covered by M*. 


VV VV VV 


(As in Egervary’s Algorithm, when the initial matching M is perfect, T = R = 
B=, F=G,M*=M,andU =9.) 


The proof that Edmonds’ Algorithm does indeed return a maximum matching 
closely resembles the proof of Theorem 16.21. We leave it as an exercise (16.5.9). 


Theorem 16.24 The set B returned by Edmonds’ Algorithm is a barrier and the 
matching M* returned by the algorithm is a maximum matching. 


To conclude, we note that Edmonds’ Algorithm, combined with the polynomial 
reduction of the f-factor problem to the 1-factor problem described in Section 16.4, 
yields a polynomial-time algorithm for solving the f-factor problem. 


Exercises 


16.5.1 Apply Egervary’s Algorithm to find a maximum matching in the bipartite 
graph of Figure 16.16a. 


16.5.2 Show that Egervary’s Algorithm is a polynomial-time algorithm. 


*16.5.3 Prove Proposition 16.19. 
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Fig. 16.16. Find maximum matchings in these graphs (Exercises 16.5.1 and 16.5.7) 


16.5.4 Describe how the output of Egervdry’s Algorithm can be used to find a 
minimum edge covering of an input bipartite graph without isolated vertices. 


16.5.5 Find minimum coverings, maximum stable sets, and minimum edge cover- 
ings in the graphs of Figures 16.12 and 16.16a. 


16.5.6 For any positive integer k, show that the complete k-partite graph G := 
2 is k-choosable. (P. Erpos, A.L. RUBIN, AND H. TAYLOR) 


16.5.7 Apply Edmonds’ Algorithm to find a maximum matching in the graph of 
Figure 16.16b, starting with the matching M indicated. Determine the barrier 
output by the algorithm. 


*16.5.8 Prove Proposition 16.22. 


*16.5.9 


a) Show that the set B of blue vertices returned by Edmonds’ Algorithm consti- 
tutes a barrier of G. 
b) Give a proof of Theorem 16.24. 


*16.5.10 


a) Let T be an APS-tree returned by APS*(G,M,u). Show that every M- 
alternating u-path in G that terminates in a blue vertex is of odd length. 

b) Deduce that APSt(G,M,u) finds all vertices of G that can be reached by 
M-alternating u-paths. 


16.5.11 Show that Edmonds’ Algorithm is a polynomial-time algorithm. 


ee 


16.5.12 Deduce from Exercise 16.3.10 that the flowers created during the execu- 
tion of APS* are hypomatchable. 


16.5.13 Let B be the barrier obtained by applying Edmonds’ Algorithm to an 
input graph G. Show that: 


a) every even component of G — B has a perfect matching, 
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b) every odd component of G— B is hypomatchable, 

c) a vertex v of G is inessential if and only if it belongs to an odd component of 
G— B, 

d) B is the set of all essential vertices that have some inessential neighbour. 


(Gallai (1964a) was the first to show that every graph has a barrier satisfying the 
above conditions. ) 
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STABLE SETS IN CLAW-FREE GRAPHS 


Maximum stable sets in line graphs can be determined in polynomial time, by 
virtue of Edmonds’ Algorithm (described in Section 16.5), because a stable set 
in a line graph L(G) corresponds to a matching in G. More generally, there exist 
polynomial-time algorithms for finding maximum stable sets in claw-free graphs, 
a class which includes all line graphs (see Minty (1980), Sbihi (1980), or Lovasz 
and Plummer (1986)). 


TRANSVERSAL MATROIDS 


Let G := G[X,Y] be a bipartite graph. A subset S$ of X is matchable with a subset 
of T of Y if there is a matching in G which covers S UT and no other vertices. 
A subset of X is matchable if it is matchable with some subset of Y. Edmonds 
and Fulkerson (1965) showed that the matchable subsets of X are the independent 
sets of a matroid on X; matroids that arise in this manner are called transversal 
matroids. Various results described in Section 16.2 may be seen as properties of 
transversal matroids. For example, the Ko6nig—Ore Formula (Exercise 16.2.8) is an 
expression for the rank of this matroid. 


RADO’S THEOREM 


Let G := G[X, Y] be a bipartite graph, and let M be a matroid defined on Y with 
rank function r. As a far-reaching generalization of Hall’s Theorem (16.4), Rado 
(1942) showed that X is matchable with a subset of Y which is independent in 
the matroid M if and only if r(N(S)) > |S|, for all S C X. Many variants and 
applications of Rado’s Theorem can be found in Welsh (1976). 


PFAFFIANS 


Let D := (V,A) be a strict digraph, and let {x, : a € A} be a set of variables 
associated with the arcs of D. The Tutte matrix of D is the n x n skew-symmetric 
matrix T = (t,,,) defined by: 
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O if wand v are not adjacent in D, 
a La ifa= (u,v), 
—% ifa=(v,u). 


Because T is skew-symmetric, its determinant is zero when n is odd. But when 
n is even, say n = 2k, the determinant of T is the square of a certain polynomial, 
called the Pfaffian of T, which may be defined as follows. 

For any perfect matching M := {a1,d2,...,ax} of D, where a; := (ui, vi), 
1<i<k, let r(M) denote the product tu», tusv. --- tug, and let sgn(M/) denote 
the sign of the permutation (u,v,Uu2v2... URUK). (Observe that sgn(MZ) does not 
depend on the order in which the elements of M are listed.) The Pfaffian of T is 
the sum of sgn(/)n(M) taken over all perfect matchings M of D. 

Now, a polynomial in indeterminates is zero if and only if it is identically zero. 
Thus the digraph D has a perfect matching if and only if the Pfaffian of T is 
nonzero. Because the determinant of T is the square of its Pfaffian, it follows 
that D has a perfect matching if and only if det T 4 0. Tutte’s original proof 
of Theorem 16.13 was based on an ingenious exploitation of this fact (see Tutte 
(1998) for a delightful account of how he was led to this discovery). In more recent 
times, properties of the Tutte matrix have played surprisingly useful roles both in 
the theory of graphs and in its algorithmic applications; see, for example, Lovasz 
and Plummer (1986), McCuaig (2000), and Robertson et al. (1999). 
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17.1 Edge Chromatic Number 


In Chapter 14 we studied vertex colourings of graphs. We now turn our attention 
to the analogous concept of edge colouring. 

Recall that a k-edge-colouring of a graph G = (V, F) is a mapping c: E > S, 
where S$ is a set of k colours, in other words, an assignment of k colours to the 
edges of G. Usually, the set of colours S is taken to be {1,2,...,k}. A k-edge- 
colouring can then be thought of as a partition {F£, F2,...,£,} of E, where E; 
denotes the (possibly empty) set of edges assigned colour 1. 

An edge colouring is proper if adjacent edges receive distinct colours. Thus 
a proper k-edge-colouring is a k-edge-colouring {M1, Mz,..., Mx} in which each 
subset M; is a matching. (Because loops are self-adjacent, only loopless graphs 
admit proper edge colourings.) As we are concerned here only with proper edge 
colourings, all graphs are assumed to be loopless, and we refer to a proper edge 
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Fig. 17.1. A 4-edge-chromatic graph 


colouring simply as an ‘edge colouring’. The graph of Figure 17.1 has the 4-edge- 
colouring {{a,g}, {b, e}, {c, f}, {d}}. 

A graph is k-edge-colourable if it has a k-edge-colouring. Clearly, if G is k- 
edge-colourable, G is also ¢-edge colourable for every € > k; moreover, every graph 
G is m-edge-colourable. The edge chromatic number, y'(G), of a graph G is the 
minimum k for which G is k-edge colourable, and G is k-edge-chromatic if x/(G) = 
k. It is straightforward to verify that the graph in Figure 17.1 is not 3-edge- 
colourable (see Exercise 17.1.3). This graph is therefore 4-edge-chromatic. 

In an edge colouring, the edges incident with any one vertex must evidently be 
assigned different colours. This observation yields the lower bound 


y>A (17.1) 


Edge colouring problems arise in practice in much the same way as do vertex 
colouring problems. Here is a typical example. 


Example 17.1 THE TIMETABLING PROBLEM 
In a school, there are m teachers 41, %2,...,%m, and n classes yj, y2,---,;Yn- Given 
that teacher x; is required to teach class y; for pj; periods, schedule a complete 
timetable in the minimum number of periods. 

To solve this problem, we represent the teaching requirements by a bipartite 
graph H[X,Y], where X = {21,22,...,@m}, Y = {y1, y2,---, Yn}, and vertices x; 
and y; are joined by p;,; edges. It is easy to see (Exercise 17.1.9a) that the problem 
posed amounts to finding an edge colouring of H in as few colours as possible. 
This can be solved by means of a polynomial-time algorithm, as indicated below. 
For a more detailed discussion of this Timetabling Problem, see Bondy and Murty 
(1976). 


EDGE COLOURINGS OF BIPARTITE GRAPHS 


Referring to the example of Figure 17.1, we see that inequality (17.1) can be strict. 
However, as we prove shortly, equality always holds in (17.1) when G is bipartite. 
In Section 17.2, we derive upper bounds on x’ for other classes of graphs. We 
show, in particular, that if G is any simple graph, then x’ < A+ 1. The proofs 
we present are constructive, and demonstrate how, under suitable conditions, a 


17.1 Edge Chromatic Number 453 


k-edge-colouring of a graph G may be obtained by colouring the edges one by 
one, adjusting the colouring along the way if necessary. We assume that we have 
already obtained a k-edge-colouring of a certain subgraph H of G and describe 
how to extend it to a k-edge-colouring of G. The following notions are basic to our 
approach. 

Let H be aspanning subgraph of a graph G and let C := {M1, Mo,..., Mz} be 
a k-edge-colouring of H. A colour 7 is represented at a vertex v if it is assigned to 
some edge of H incident with v; otherwise it is available at v. A colour is available 
for an edge of E(G) \ E(#) if it is available at both ends of the edge. Thus, if an 
edge e is uncoloured, any colour available for e may be assigned to it to extend C 
to a k-edge-colouring of H + e. 

Let i and j be any two distinct colours, and set H;; := H[M;U Mj]. Because 
M; and M; are disjoint matchings, each component of Hj; is either an even cycle 
or a path (see the proof of Theorem 16.3); we refer to the path-components of 
H,; as ij-paths. These are akin to Kempe chains (see Section 15.2), and one of 
the main tools used in our proofs consists of selecting suitable colours i and j and 
swapping the colours on an appropriately chosen 7j-path so as to obtain a new 
k-edge-colouring with respect to which there is an available colour for some edge 
of E(G) \ E(#). The proof of the following theorem provides a simple illustration 
of this technique. 


Theorem 17.2 If G is bipartite, then x’ = A. 


Proof By induction on m. Let e = uv be an edge of G. We assume that H = G\e 
has a A-edge-colouring {14), Mo,..., Ma}. If some colour is available for e, that 
colour can be assigned to e to yield a A-edge-colouring of G. So we may assume 
that each of the A colours is represented either at u or at v. Because the degree 
of u in G\e is at most A-— 1, at least one colour i is available at u, hence 
represented at v. Likewise, at least one colour j is available at v and represented 
at u. Consider the subgraph H;;. Because u has degree one in this subgraph, the 
component containing u is an ij-path P. This path does not terminate at v. For if 
it did, it would be of even length, starting with an edge coloured 7 and ending with 
an edge coloured j, and P + e would be a cycle of odd length in G, contradicting 
the hypothesis that G is bipartite. Interchanging the colours on P, we obtain a 
new A-edge-colouring of H with respect to which the colour 7 is available at both 
u and v. Assigning colour 7 to e, we obtain a A-edge-colouring of G. 


One may easily extract from the above proof a polynomial-time algorithm 
for finding a A-edge-colouring of a bipartite graph G. An alternative proof of 
Theorem 17.2, using Exercise 16.4.16, is outlined in Exercise 17.1.10. 


Exercises 


17.1.1 Show that a d-regular graph G is d-edge-colourable if and only if its edge 
set can be partitioned into perfect matchings. 
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17.1.2 By exhibiting an appropriate edge colouring, show that y/(Kinn) = 
A(Kmn) (= max{m, n}). 


*17.1.3 


a) Show that every graph G satisfies the inequality x’ > m/[n/2]. 
b) Deduce that the graph in Figure 17.1 is not 3-edge-colourable. 


17.1.4 Deduce from Exercise 16.1.7 that a cubic graph with a cut edge is not 
3-edge-colourable. 


17.1.5 Let G be a 2-edge-connected cubic graph with a 2-edge cut {e1,e2}. For 
i = 1,2, let e; := u;v;, where u; and v; belong to the component H; of G \ {e1, e2}. 
Show that: 


a) the graph G; obtained from H; by joining u; and v; by a new edge f; is a 
2-edge-connected cubic graph, i = 1, 2, 
b) G is 3-edge-colourable if and only if both G; and G2 are 3-edge-colourable. 


17.1.6 Let O(X) be a 3-edge cut of a cubic graph G. Show that G is 3-edge- 
colourable if and only if both G/ X and G'/ X are 3-edge-colourable, where X := 
V\X. 


17.1.7 


a) Show that the Petersen graph is not 3-edge-colourable (either directly, by con- 
sidering a hypothetical 3-edge-colouring of one of its 5-cycles, or by appealing 
to Exercises 16.1.7 and 17.1.1). 

b) Deduce that the Petersen graph is 4-edge-chromatic. 


17.1.8 


a) Show that every hamiltonian cubic graph is 3-edge-colourable. 
b) Deduce from Exercise 17.1.7b that the Petersen graph is not hamiltonian. 


*17.1.9 


a) Show that the Timetabling Problem (Example 17.1) amounts to finding an 
edge colouring of a bipartite graph in the minimum possible number of colours. 

b) Let p denote the minimum possible number of periods and ¢ the total number 
of lessons to be given. Show that there exists a timetable in which no more 
than [¢/p] classrooms are required in any one period. 


17.1.10 


a) Show that if G is bipartite, then G has a A-regular bipartite supergraph. 
b) Using (a) and Exercise 16.4.16, give an alternative proof of Theorem 17.2. 


17.1.11 Let G be a graph with A < 3. Show that G is 4-edge-colourable 
a) by appealing to Exercise 2.2.2 and Theorem 17.2, 
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b) by applying Brooks’ Theorem (14.4). 
17.1.12 Describe a polynomial-time algorithm for finding a proper A-edge- 
colouring of a bipartite graph G. 


17.1.13 Eight schoolgirls go for a walk in pairs every day. Show how they can 
arrange their outings so that each girl has different companions on different days 
of the week? 


ee 


17.1.14 KIRKMAN’S SCHOOLGIRL PROBLEM 

A k-edge-colouring of a hypergraph (V, F) is a partition {F1, Fo,...,F,} of F such 
that, for 1 <i < k, no two edges in F; have a vertex in common. Formulate as a 
hypergraph edge colouring problem, and solve, the following puzzle, posed by the 
Reverend T. P. Kirkman in 1847. Fifteen schoolgirls in an English boarding school 
go for a walk every day in groups of three abreast. Can their walks be arranged so 
that no two shall walk abreast more than once during a week? 


17.1.15 


a) By exhibiting an appropriate edge colouring, show that y/(K2,) = 2n — 1, 
n> 1. 
b) Deduce that y’(Kon-1) = 2n —1, n > 2. 


*17.1.16 GUPTA’S THEOREM 

Let G be a bipartite graph with no isolated vertices. Show that G has a (not 
necessarily proper) d-edge-colouring in which all 6 colours are represented at each 
vertex. (R. P. Gupta) 


17.1.17 Deduce from Theorem 17.2 that line graphs of bipartite graphs are perfect. 


17.1.18 Consider a (not necessarily proper) 3-edge colouring of a complete graph 
in which each colour class induces a connected spanning subgraph. Show that there 
is a triangle which has an edge of each colour. (T. GALLAT) 


17.2 Vizing’s Theorem 


As has already been noted, if G is not bipartite one cannot necessarily conclude 
that x’ = A. An important theorem due to Vizing (1964), and independently 
Gupta (1966), asserts that for any simple graph G, either ,/ = A or y/ = A+1. 

In proving Vizing’s Theorem by induction on m, one may assume (as in the 
proof of Theorem 17.2) that there is a (A+1)-edge-colouring of G\e, where e € E. 
To complete the proof it suffices to show how a (A + 1)-edge-colouring of G itself 
can be obtained from this (A+ 1)-edge-colouring of G'\e. With further applications 
in mind (see, for example, Exercise 17.2.9), we consider the more general problem 
of deriving a k-edge-colouring of G from a k-edge-colouring of G \ e, where k is 
any integer greater than or equal to A. 
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Lemma 17.3 Let G be a simple graph, v a vertex of G, e an edge of G incident 
to v, and k an integer, k > A. Suppose that G \ e has a k-edge-colouring c with 
respect to which every neighbour of v in G has at least one available colour. Then 
G is k-edge-colourable. 


Proof Consider the k-edge-colouring c of G \ e. In seeking a k-edge-colouring of 
G, it is convenient to study the bipartite graph H[X,Y], where X := Ng(v) and 
Y := {1,2,...,k}, vertices « € X andi € Y being adjacent if colour 7 is available 
at vertex x in the restriction é of c to G — v. In particular, for all x € X \ {u}, 
where u denotes the other end of e, the colour of the edge xv is available at x in 
G — v, so H contains the matching 


M := {(a,c(xv)): a € X \ {u}} 


Conversely, every matching in H corresponds to a partial colouring of O(v) that is 
compatible with ¢. In particular, any matching in H which saturates X corresponds 
to a full colouring of 0(v) and thus yields, together with ¢, a k-edge-colouring of G. 
We may suppose that H has no such colouring. Our goal is to modify the colouring 
c to a colouring c’ so that the corresponding bipartite graph H’ does contain a 
matching saturating X. 

By hypothesis, each vertex of X \ {u} is incident with at least one edge of 
H \ M, and the vertex wu is incident with at least one such edge as well, because 


de\e(u) = de(u) -1< A(G)-1<k-1 


Therefore each vertex of X is incident with at least one edge of H \ M. 

Denote by Z the set of all vertices of H reachable from u by M-alternating 
paths, and set R:= XM Z and B := YZ. As in the proof of Hall’s Theorem 
(16.4), Nw(R) = B and B is matched under M with R \ {u}, so |B] = |R| — 1. 
Because at least one colour is available at each vertex of R and |B| = |R|—1, some 
colour 7 € B is available at two vertices x, y of R, by the pigeonhole principle. Note 
that every colour in B is represented at v, because B is matched under M with 
R\ {u}. In particular, colour 7 is represented at v. On the other hand, because 
the degree of v in G\ e is at most k — 1, some colour j is available at v. Observe 
that 7 ¢ B because every colour in B is represented at v. Thus j is represented at 
every vertex of R, in particular at both x and y. 

Let us return now to the graph G'\ e. By the above observations, each of the 
vertices v, x, and y is an end of an ij-path in G \ e. Consider the ij-path starting 
at v. Evidently, this path cannot terminate at both 2 and y. We may suppose that 
the path starting at v does not terminate at y, and let z be the terminal vertex of 
the ij-path P starting at y. Interchanging the colours 7 and j on P, we obtain a 
new colouring c’ of G\ e. 

Let H'[|X,Y] be the bipartite graph corresponding to c’. The only differences 
in the edge sets of H and H’ occur at y and possibly z (if z € X). Moreover, 
because v does not lie on P, the matching M is still a matching in H’. Consider 
the alternating wy-path Q in H. If z lies on Q, then z € R and the alternating 
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path uQz is still an M-alternating path in H’, as it terminates with an edge of M. 
Also, because 7 ¢ B, the path P must have originally terminated at z in an edge of 
colour j, and now terminates in an edge of colour 7. With respect to the colouring 
c’, the colour j is therefore available at z, and Q’ := uQzj is an M-augmenting 
path in H’. On the other hand, if z does not lie on Q, then Q’ := uQyj is an 
M-augmenting path in H’. 

Set M’ := MA E(Q’). Then M’ is a matching in H’ which covers every vertex 
in X, and this matching corresponds to a full colouring of 0(v). Combining this 
colouring with the restriction of c’ to G — v, we obtain a proper k-edge-colouring 
of G. 


Figure 17.2 illustrates the steps in this proof as applied to the Petersen graph, 
with the initial 4-edge-colouring c shown in Figure 17.2a. The bipartite graph H is 
shown in Figure 17.2b, with X := {s,t,u}, Y := {1,2,3,4}, and the matching M 
indicated by heavy lines. We may take i = 1, 7 = 3, w= x, and t = y. The 7j-path 
from v (to u) and the ij-path P from t to z are shown in Figure 17.2c, and the 
4-edge-colouring c’ in Figure 17.2d. The corresponding bipartite graph H’ is shown 
in Figure 17.2e, with an M-augmenting u-path Q indicated. Figure 17.2f shows 
the augmented matching M’, and Figure 17.2g the resulting 4-edge-colouring of 
the Petersen graph. 

The above proof yields a polynomial-time algorithm for finding a k-edge- 
colouring of a simple graph G, given a k-edge-colouring of G \ e satisfying the 
hypothesis of Lemma 17.3. Because the hypothesis of Lemma 17.3 is satisfied 
when k = A+ 1, Vizing’s Theorem follows directly by induction on m. Moreover, 
a (A+ 1)-edge-colouring of any simple graph G can be found, by adding one edge 
at a time, in polynomial time. 


Theorem 17.4 VIZING’S THEOREM 
For any simple graph G, x' <A+1. 


The observant reader will have noticed that the bound on the edge chromatic 
number in Vizing’s Theorem (17.4) bears a striking formal resemblance to the 
bound (14.3) on the chromatic number. 

There is a natural generalization of Theorem 17.4 to all loopless graphs. Con- 
sider such a graph G. For vertices u and v of G, we denote by pu(u, v) the number 
of parallel edges joining u and v. The multiplicity of G, denoted by u(G), is the 
maximum value of jz, taken over all pairs of vertices of G. Vizing (1964) extended 
his theorem as follows. 


Theorem 17.5 For any graph G, y' < A+ up. 


This more general theorem can be established by adapting the proof of The- 
orem 17.4 (Exercise 17.2.6). The graph G depicted in Figure 17.3 shows that the 
theorem is best possible for any value of uw. Here A = 2 and, the edges being 
pairwise adjacent, ;/ =m = 3u= A+ pu. 
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Fig. 17.2. Finding a 4-edge-colouring of the Petersen graph by means of Lemma 17.3 
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Fig. 17.3. A graph G with y’ = A+ ps 


Returning to simple graphs, Theorem 17.4 implies that the edge chromatic 
number of a simple graph G is equal to either A or A+ 1. Those simple graphs 
G for which y’ = A are said to belong to Class 1, and the others to Class 2. The 
problem of deciding to which class a graph belongs is WP-hard (Holyer (1981) 
and Leven and Galil (1983)). It is therefore useful to have simple criteria for a 
graph to belong to Class 1 or Class 2. For example, with the aid of Lemma 17.3 
one can show that a graph G belongs to Class 1 if its vertices of degree A induce a 
forest (Exercise 17.2.9). Also, by virtue of the Four-Colour Theorem (11.2), Tait’s 
Theorem (11.4), and Exercise 17.1.5, every 2-edge-connected cubic planar graph 
belongs to Class 1. Moreover, the proof of the Four-Colour Theorem outlined in 
Chapter 15 yields (via Tait’s Theorem) a polynomial-time algorithm for 3-edge- 
colouring such a graph. A simple condition for a graph to belong to Class 2 is 
described in Exercise 17.2.1. 


Exercises 


17.2.1 OVERFULL GRAPH 
A simple graph G is overfull ifm > |n/2|A. 


a) Show that every overfull graph: 
i) is of odd order, 
ii) belongs to Class 2. 
b) Show that a nonempty simple graph is overfull if either: 
i) it is obtained from a regular graph of even order by subdividing one edge, 


or 
ii) it is obtained from a simple k-regular graph of odd order by deleting fewer 
than k/2 edges. (L. W. BEINEKE AND R. J. WILSON) 


17.2.2 


a) Show that, for every loopless graph G, 
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2e(H) 
ee ——|:HC H H)> 17.2 
x > max {| =| CG, v(#A) odd, v( 23} (17.2) 
b) Find a graph G for which neither the bound y’ > A nor the bound (17.2) is 
tight. 
(Goldberg (1974) and Seymour (1979a) have conjectured that if neither bound is 
tight, then y’ = A+ 1.) 


17.2.3 Let G be a graph obtained from a cycle by replacing each edge by a set of 
one or more parallel edges. Show that G satisfies the Goldberg bound (17.2) with 
equality. 


17.2.4 


a) Using Vizing’s Theorem (17.4), show that y/(G O K2) = A(GO Kk). 
b) Deduce that if H is nontrivial with y’(H) = A(#), then x/(G 0 H) = 
A(G OO #). 


17.2.5 Describe a polynomial-time algorithm for finding a proper (A + 1)-edge 
colouring of a simple graph G. 


17.2.6 


a) Let G be a graph, let e = uv be an edge of G, and let k > A+ be an integer, 
where ps := u(G). Suppose that G \ e has a k-edge-colouring with respect to 
which every neighbour of v has at least 4 available colours. Show that G is 
k-edge-colourable. 

b) Deduce that y’ < A+ p. 


17.2.7 Using Exercise 16.4.16b, show that if A is even, then y’ < 34/2. 


17.2.8 
a) Show that y’ < 2A — pw. 
b) Deduce that x’ < 34/2. (C. SHANNON) 


17.2.9 Let G be a simple graph whose vertices of maximum degree A induce a 
forest. Show that y/ = A. 


17.2.10 UNIQUELY EDGE-COLOURABLE GRAPH 
A k-edge-chromatic graph which has exactly one proper k-edge-colouring is said 
to be uniquely k-edge-colourable. 


a) Let G be a uniquely k-edge-colourable k-regular graph with k-edge-colouring 
{M, Mo,..., My}. Show that G[M; U M;] is hamiltonian, 1 <i<j<k. 
(D. L. GREENWELL AND H. V. KRONK) 
b) Let G be a cubic graph with a triangle T. Show that G is uniquely 3-edge- 
colourable if and only if H := G/T is uniquely 3-edge-colourable. 
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c) For every even n > 4, construct a uniquely 3-edge-colourable cubic graph on 
n vertices. (T. Fowler and R. Thomas have shown that every uniquely 3-edge- 
colourable cubic planar graph on four or more vertices contains a triangle, and 
thus can be obtained from Ky by recursively expanding vertices into triangles.) 

d) Show that the generalized Petersen graph P29 is triangle-free and uniquely 
3-edge-colourable. (S. FIORINI) 


17.2.11 Show that every uniquely 3-edge-colourable cubic graph has exactly three 
Hamilton cycles. 


17.2.12 Let P be the Petersen graph. Show that P LO) K3 belongs to Class 1. 


e 


17.2.13 Show that a self-complementary graph belongs to Class 2 if and only if it 
is regular. (A.P. WoJDA) 


17.2.14 


a) Show that if G is simple with 6 > 1, then G has a (6 — 1)-edge-colouring 
(necessarily improper) in which all 6—1 colours are represented at each vertex. 
(R. P. Gupta) 

b) Describe a polynomial-time algorithm for finding such a colouring. 


17.2.15 VizING’s ADJACENCY LEMMA 
Let G be a minimal simple graph that is not A-edge-colourable, and let wu and v 
be adjacent vertices of G, where d(u) = k. 


a) Show that v is adjacent to at least A —k +1 vertices of degree A different 
from wu. (V.G. VIZING) 
b) Deduce that each vertex of G has at least two neighbours of degree A. 


17.3 Snarks 


The edge chromatic number of a cubic graph G (whether simple or not) always 
equals either three or four (Exercise 17.1.11). However, as was mentioned in Sec- 
tion 17.2, the problem of deciding between these two values is W/P-complete. Thus, 
unless P = co-NP, there is no hope of obtaining any useful characterization of 
the cubic graphs which are 3-edge-colourable. Nevertheless, edge colourings of cu- 
bic graphs have attracted much attention, mainly on account of their relevance to 
the Four-Colour Problem, discussed in Chapters 11 and 15, and the Cycle Double 
Cover Conjecture, introduced in Section 3.5. 

We have seen that it suffices to prove the Cycle Double Cover Conjecture for es- 
sentially 4-edge-connected cubic graphs (Theorem 5.5, Exercises 9.3.9 and 9.4.2). 
Furthermore, if such a graph is 3-edge-colourable, then it admits a covering by 
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two even subgraphs (Exercise 17.3.4a) and hence has a cycle double cover (Exer- 
cise 3.5.4a). Thus it suffices to establish the Cycle Double Cover Conjecture for 
essentially 4-edge-connected cubic graphs that are not 3-edge-colourable. 

The Petersen graph is the smallest such graph (Exercise 17.3.1). For a long 
time, apart from the Petersen graph, only a few sporadic examples of 4-edge- 
chromatic essentially 4-edge-connected cubic graphs were known. Because of the 
elusive nature of such graphs, they were named snarks by Descartes (1948), after 
the Lewis Carroll poem, ‘The Hunting of the Snark’. A snark on eighteen vertices, 
discovered by BlanuSa (1946), is shown in Figure 17.4b. That it is indeed a snark 
can be deduced from the fact the Petersen graph is one (see Exercise 17.1.6). 

It can be seen that this BlanuSa snark (one of two) has a Petersen graph 
minor. Tutte (1966b) conjectured that every snark has such a minor. Because the 
Petersen graph is nonplanar, Tutte’s conjecture implies the Four-Colour Theorem, 
via Tait’s Theorem (11.4). Tutte’s conjecture was confirmed by N. Robertson, 
D. Sanders, P. D. Seymour, and R. Thomas (unpublished, see Robertson et al. 
(1997b)) using the same sorts of techniques as were successful in proving the Four- 
Colour Theorem. 

Isaacs (1975) was the first to succeed in constructing infinite families of snarks 
(see Exercise 17.3.3). Examples with many interesting properties were found by 
Kochol (1996), but the general structure of snarks remains a mystery. 


Exercises 


17.3.1 Verify that the Petersen graph is the smallest snark. 


17.3.2 BLANUSA SNARK 

Let G; and G2 be two disjoint snarks, and let u;x;y;v; be a path of length three 
in G;, 7 = 1,2. Delete the edges u;x; and v;y; from G;, 7 = 1,2, and identify x, 
with x2 and y; with yo (and the edge x,x2 with the edge y,y2). Now add edges 
joining uw; and ue, and v; and v2. Show that the resulting graph is again a snark. 
(This construction is illustrated in Figure 17.4 when both G; and G2 are Petersen 
graphs. The resulting snark, shown in Figure 17.4b is known as the BlanuSa snark.) 


17.3.3 FLOWER SNARK 


a) Show that the graph shown in Figure 17.5 is a snark. 
b) Find a Petersen graph minor of this snark. 
c) Explain how one may obtain an infinite sequence of snarks by generalizing the 
above construction. (These snarks are known as the flower snarks.) 
(R. ISAAcs) 
d) Show that all flower snarks have Petersen graph minors. 
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Fig. 17.4. Construction of the BlanuSa snark 


*17.3.4 


a) Show that a cubic graph admits a covering by two even subgraphs if and only 
if it is 3-edge-colourable. 

b) Deduce that the problem of deciding whether a graph admits a covering by 
two even subgraphs is \VP-complete. 


17.3.5 MEREDITH GRAPH 


a) Let M be a perfect matching of the Petersen graph. For k > 3, let G;, denote 
the graph obtained from the Petersen graph by replacing each edge of M by 
k; — 2 parallel edges. Show that: 
i) Gy is k-edge-connected, 
ii) Gy is not k-edge-colourable. 
b) The simple 4-edge-connected 4-regular graph shown in Figure 17.6 is known as 
the Meredith graph. Deduce from (a) that this graph is not 4-edge-colourable. 
c) Explain how to obtain a simple k-edge-connected non-k-edge-colourable k-reg- 
ular graph for all k > 4. (G.H.J. MEREDITH) 
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Fig. 17.5. A flower snark on twenty vertices 
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Fig. 17.6. The Meredith graph 


17.3.6 Show that the Meredith graph (Figure 17.6) has two disjoint perfect match- 
ings. 

(Examples of k-regular graphs in which any two perfect matchings intersect have 
been constructed by Rizzi (1999) for all k > 4.) 


17.4 Coverings by Perfect Matchings 


A k-edge-colouring of a k-regular graph is a decomposition of the graph into k 
perfect matchings. Thus the only graphs that admit decompositions into perfect 
matchings are the regular graphs belonging to Class 1. A decomposition being a 
1-covering, it is natural to ask which regular graphs admit uniform coverings by 
perfect matchings. According to Exercise 17.4.6b, every 2-connected cubic graph 
admits such a covering. 

Motivated by certain questions concerning the polyhedra defined by the in- 
cidence vectors of perfect matchings, Fulkerson (1971) was led to formulate the 
following conjecture on uniform coverings by perfect matchings, a conjecture rem- 
iniscent of the Cycle Double Cover Conjecture (3.9). 
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FULKERSON’S CONJECTURE 


Conjecture 17.6 Every 2-connected cubic graph admits a double cover by six 
perfect matchings. 


Fulkerson’s Conjecture certainly holds for cubic graphs of Class 1: it suffices 
to consider a 3-edge-colouring {14), M2, M3} and take two copies of each perfect 
matching M;. The conjecture also holds for the Petersen graph, whose six perfect 
matchings constitute a double cover (Exercise 17.4.1). 

If Fulkerson’s Conjecture were true, then deleting one of the perfect matchings 
from the double cover would result in a covering of the graph by five perfect match- 
ings. This weaker conjecture was proposed by C. Berge (see Seymour (1979a)). 


Conjecture 17.7 Every 2-connected cubic graph admits a covering by five perfect 
matchings. 


The bound of five in this conjecture cannot be reduced: the Petersen graph ad- 
mits no covering by fewer than five perfect matchings; with four perfect matchings 
one may cover fourteen of its fifteen edges, but not all of them (Exercise 17.4.4a). 


Exercises 


17.4.1 Show that the six perfect matchings of the Petersen graph constitute a 
double cover of the graph. 


17.4.2 Let G be a graph obtained from a 2-connected cubic graph H by duplicating 
each edge. Show that y’ < 7. 


17.4.3 Find a double cover of the BlanuSa snark (Figure 17.4b) by six perfect 
matchings. 


ee 


17.4.4 For a graph G and a positive integer k, denote by m;(G) the largest. pro- 
portion of the edge set of G that can be covered by k perfect matchings. 


a) Let P denote the Petersen graph. Show that m,(P) = 1— Gye 1<k<5. 
b) Let G be a 2-connected cubic graph which has a double cover by six perfect 
matchings, and let k be an integer, 1 <k <5. 

i) Show that if & of these six perfect matchings are selected uniformly at 
random, then any given edge of G belongs to at least one of the chosen 
matchings with probability 1 — (}) f cy 

ii) Deduce that m;,(G) > mxz(P). (V. PATEL) 


466 17 Edge Colourings 


17.4.5 PERFECT MATCHING POLYTOPE 


a) Let G be a graph with at least one perfect matching. The convex hull of the 
set of incidence vectors of the perfect matchings of G is called the perfect 
matching polytope of G, denoted PM(G). Let x := (a(e) : e € E) be an 
element of PM(G). Show that: 

i) a(e) > 0 for alle € E, 

ii) #(O(v)) = 1 for allv EV, 

iii) 7(O(S'})) > 1 for all odd subsets S of V. 
(Using the result of Exercise 8.6.8, Edmonds (1965b) showed that, conversely, 
every vector x € R® which satisfies these constraints belongs to PM(G).) 

b) Show that when G is bipartite, a vector x € R” belongs to PM(G) if and 
only if it satisfies constraints (i) and (ii). (This assertion is equivalent to the 
Birkhoff-von Neumann Theorem, see Exercise 16.2.18.) 

c) By considering the triangular prism, show that when G is nonbipartite, a vector 
x satisfying constraints (i) and (ii) does not necessarily satisfy constraint (iii). 


*17.4.6 Let G be a k-regular graph with k > 1, such that d(S) > k for every odd 
subset S of V. 


a) Using Exercise 16.4.7b, show that each edge of G belongs to a perfect matching. 
b) Apply Edmonds’ characterization of the perfect matching polytope PM(G), 
as described in Exercise 17.4.5a, to show that the vector (Z: i iad i) belongs 
to PM(G). 
c) Deduce that G admits a uniform covering by perfect matchings. 
(J. EDMONDS) 


17.4.7 MATCHING POLYTOPE 
The matching polytope MP(G) of a graph G is the convex hull of the set of in- 
cidence vectors of the matchings of G. Let x := (x(e) : e € E) be an element of 
MP(G). Show that: 

i 


) a(e) > 0 for alle € EB, 
ii) e(O(v)) <1 for allu eV, 
iii) x(E(S)) < [$|S|J for all odd subsets $ of V. 


(Edmonds (1965b) proved that, conversely, every vector x € R” which satisfies 
the above constraints belongs to MP(G). This may be deduced from Edmonds’ 
characterization of PM(G), described in Exercise 17.4.5a.) 


17.5 List Edge Colourings 


The definitions concerning list colourings given in Section 14.5 have obvious ana- 
logues for edge colouring: list edge colouring, k-list-edge-colourable and list edge 
chromatic number, denoted x‘/,(G). As already observed, xx,(G) > x(G) for any 
graph G. Likewise, x/,(G) > x/(G). Although the former inequality is strict for 
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some graphs, such as K33, it is conjectured that the latter inequality is always 
satisfied with equality. 


THE List EDGE COLOURING CONJECTURE 


Conjecture 17.8 For every loopless graph G, y‘,(G) = x'(G) 


GALVIN’S THEOREM 


Conjecture 17.8 was proposed independently by several authors, including V. G. 
Vizing, R. P. Gupta, and M. O. Albertson and K. L. Collins. It first appeared in 
print in an article by Bollobdés and Harris (1985) (see Haggkvist and Chetwynd 
(1992) for a brief history). Galvin (1995) showed that the conjecture is true for bi- 
partite graphs. His proof relies on the relationship between kernels and list colour- 
ings described in Theorem 14.19. Because colouring the edges of a graph amounts 
to colouring the vertices of its line graph, the key step in the proof is to show that 
line graphs of bipartite graphs can be oriented in such a way that (i) the maximum 
outdegree is not too high, and (ii) every induced subgraph has a kernel. 

We present a proof of Galvin’s theorem for simple bipartite graphs. Let G := 
G[X,Y] be such a graph. In the line graph L(G), there is a clique AK, for each 
vertex vu of G, the vertices of K,, corresponding to the edges of G incident to v. 
Each edge xy of G gives rise to a vertex of L(G) which lies in exactly two of these 
cliques, namely Kz and Ky. We refer to Ky as an X-clique if v € X, and a Y -clique 
ifveY. 

There is a convenient way of visualising this line graph L(G). Because each 
edge of G is a pair xy, the vertex set of L(G) is a subset of the cartesian product 
X x Y. Therefore, in a drawing of L(G), we can place its vertices at appropriate 
lattice points of the m x n grid, where m = |X| and n = |Y|, the rows of the 
grid being indexed by X and the columns by Y. Any two vertices which lie in the 
same row or column of the grid are adjacent in L(G), and so the sets of vertices in 
the same row or column are cliques of L(G), namely its X-cliques and Y-cliques, 
respectively (see Figure 17.7). 


Theorem 17.9 Let G[X,Y] be a simple bipartite graph, and let D be an orien- 
tation of its line graph L(G) in which each X -clique and each Y -clique induces a 
transitive tournament. Then D has a kernel. 


Proof By induction on e(G), the case e(G) = 1 being trivial. For v € V(G), 
denote by 7), the transitive tournament in D corresponding to v, and for x € X, 
denote by t, the sink of T,. Set K := {t, : « © X}. Every vertex of D — K lies 
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Fig. 17.7. Representing the line graph L(G) of a bipartite graph G on a grid 


in some T),, and so dominates some vertex of K. Thus if the vertices of K lie in 
distinct Y-cliques, then K is a kernel of D. 

Suppose, then, that the Y-clique T, contains two vertices of K’. One of these, 
say tz, is not the source s, of Ty, so sy — tz. Set D’ := D—s,. Then D’ is an 
orientation of the line graph L(G \e), where e is the edge of G corresponding to the 
vertex s, of L(G). Moreover, each clique of D’ induces a transitive tournament. 
By induction, D’ has a kernel K’. We show that K’ is also a kernel of D. For this, 
it suffices to verify that s, dominates some vertex of K’. 

If t, € K’, then s, — t,. On the other hand, if t, ¢ K’, then t, — v, for 
some v € K’. Because ty is the sink of its X-clique, v must lie in the Y-clique 
T, \ {s,}. But then s,, being the source of T,, dominates v. Thus K’ is indeed a 
kernel of D. 


Theorem 17.10 Every simple bipartite graph G is A-list-edge-colourable. 


Proof Let G := G[X,Y] beasimple bipartite graph with maximum degree k, and 
let c: E(G) > {1,2,...,k} be a k-edge-colouring of G. The colouring c induces 
a k-colouring of L(G). We orient each edge of L(G) joining two vertices of an 
X-clique from lower to higher colour, and each edge of L(G) joining two vertices 
of a Y-clique from higher to lower colour, as in Figure 17.8 (where the colour 
c(a;y;) of the edge x;y; is indicated inside the corresponding vertex of L(G)). 
This orientation D clearly satisfies the hypotheses of Theorem 17.9; indeed, every 
induced subgraph of D satisfies these hypotheses. Moreover, At(D) = k — 1. By 
Theorem 14.19, L(G) is k-list-colourable, so G is k-list-edge-colourable. 


As mentioned earlier, Galvin (1995) showed that if GLX, Y] is any (not neces- 
sarily simple) bipartite graph, then it is A-list-edge-colourable. We leave the proof 
of this more general theorem, which is essentially the same as that of the special 
case presented above, as Exercise 17.5.3. 
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Fig. 17.8. Orienting the line graph of a bipartite graph 


Exercises 


17.5.1 


a) Annxn array A = (a;;) whose entries are taken from some set S of n symbols 
is called a Latin square of order n if each symbol appears precisely once in each 
row and precisely once in each column of A. Show that there is a one-to-one- 
correspondence between n-edge-colourings of Ky,» in colours 1,2,...,n and 
Latin squares of order n in symbols 1, 2,...,n. 

b) Deduce from Theorem 17.10 the following assertion, a special case of a conjec- 
ture due to J. Dinitz (see, for example Galvin (1995)). 

For 1 <i<j <n, let Sj; be a set of n elements. Then there exists a Latin 
square A = (a;,;) of order n using a set S of n symbols such that aj; € 5); S, 
l<i<j<n. 


17.5.2 Consider the bipartite graph G shown in Figure 17.9, with the given 5- 
edge-colouring. Find an orientation of its line graph L(G) each of whose induced 
subdigraphs has a kernel. 


Fig. 17.9. Find an appropriate orientation of L(G) (Exercise 17.5.2) 
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17.5.3 Prove that a bipartite graph G (whether simple or not) is A-list-edge- 
colourable. (F. GALVIN) 


17.6 Related Reading 


TOTAL COLOURINGS 


A total colouring of a graph G is a colouring c: VU E — S, where S is a set of 
colours. The colouring c is proper if its restriction to V is a proper vertex colouring 
of G, its restriction to EF is a proper edge colouring of G, and no edge receives the 
same colour as either of its ends. The total chromatic number of G, denoted by 
x’(G), is the minimum number of colours in a proper total colouring of G. Vizing 
(1964) and, independently, Behzad (1965) conjectured that the total chromatic 
number of a simple graph G' never exceeds A+ 2 (and thus is equal to either A+1 
or A+ 2). Using probabilistic methods, Molloy and Reed (1998) showed that the 
total chromatic number of a simple graph G is at most A+10?°, provided that A 
is sufficiently large. Apart from this result, not much progress has been made on 
this conjecture, known as the Total Colouring Conjecture. A number of interesting 
problems involving list colouring variants of the total chromatic number have been 
studied; see, for example, Woodall (2001). 


FRACTIONAL EDGE COLOURINGS 


Fractional edge colourings can be defined in an analogous manner to fractional 
vertex colourings, with matchings playing the role of stable sets. The analogue of 
the fractional chromatic number is called the fractional edge chromatic number, 
denoted y*. 

The Goldberg bound (17.2) on the edge chromatic number (without the ceiling 
function) is satisfied with equality by the fractional edge chromatic number: 


(x')* = max {ant : HCG, v(H) oda} 


This follows from the characterization by Edmonds (1965b) of the matching poly- 
tope (see Exercise 17.4.7). 
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18.1 Hamiltonian and Nonhamiltonian Graphs 


Recall that a path or cycle which contains every vertex of a graph is called a 
Hamilton path or Hamilton cycle of the graph. Such paths and cycles are named 
after Sir William Rowan Hamilton, who described, in a letter to his friend Graves 
in 1856, a mathematical game on the dodecahedron (Figure 18.1a) in which one 
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person sticks pins in any five consecutive vertices and the other is required to com- 
plete the path so formed to a spanning cycle (see Biggs et al. (1986) or Hamilton 
(1931)). Hamilton was prompted to consider such cycles in his early investigations 
into group theory, the three edges incident to a vertex corresponding to three 
generators of a group. 

A graph is traceable if it contains a Hamilton path, and hamiltonian if it con- 
tains a Hamilton cycle. The dodecahedron is hamiltonian; a Hamilton cycle is 
indicated in Figure 18.la. On the other hand, the Herschel graph of Figure 18.1b 
is nonhamiltonian, because it is bipartite and has an odd number of vertices. This 
graph is, however, traceable. 


(a) (b) 


Fig. 18.1. Hamiltonian and nonhamiltonian graphs: (a) the dodecahedron, (b) the Her- 
schel graph 


TOUGH GRAPHS 


As we saw in Section 8.3, the problem of deciding whether a given graph is hamil- 
tonian is NP-complete. It is therefore natural to look for reasonable necessary 
or sufficient conditions for the existence of Hamilton cycles. The following simple 
necessary condition turns out to be surprisingly useful. 


Theorem 18.1 Let S be a set of vertices of a hamiltonian graph G. Then 
c(G—S) < |S| (18.1) 


Moreover, if equality holds in (18.1), then each of the |S'| components of G—S is 
traceable, and every Hamilton cycle of G includes a Hamilton path in each of these 
components. 


Proof Let C be a Hamilton cycle of G. Then C — S clearly has at most |S| 
components. But this implies that G—S also has at most |S| components, because 
C is a spanning subgraph of G. 
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If G— S has exactly |S| components, C — S also has exactly |S| components, 
and the components of C — S are spanning subgraphs of the components of G—S. 
In other words, C' includes a Hamilton path in each component of G — S. 


A graph G is called tough if (18.1) holds for every nonempty proper subset S$ 
of V. By Theorem 18.1, a graph which is not tough cannot be hamiltonian. As an 
illustration, consider the graph G of Figure 18.2a. This graph has nine vertices. 
On deleting the set S$ of three vertices indicated, four components remain. This 
shows that the graph is not tough, and we infer from Theorem 18.1 that it is 
nonhamiltonian. 

Although condition (18.1) has a simple form, it is not always easy to apply. In 
fact, as was shown by Bauer et al. (1990), recognizing tough graphs is NP-hard. 


(a) (b) 
Fig. 18.2. (a) A nontough graph G, (b) the components of G— S$ 


HYPOHAMILTONIAN GRAPHS 


As the above example shows, Theorem 18.1 can sometimes be applied to deduce 
that a graph is nonhamiltonian. Such an approach does not always work. The 
Petersen graph is nonhamiltonian (Exercises 2.2.6, 17.1.8), but one cannot deduce 
this fact from Theorem 18.1. Indeed, the Petersen graph has a very special prop- 
erty: not only is it nonhamiltonian, but the deletion of any one vertex results in 
a hamiltonian graph (Exercise 18.1.16a). Such graphs are called hypohamiltonian. 
Deleting a single vertex from a hypohamiltonian graph results in a subgraph with 
just one component, and deleting a set S' of at least two vertices produces no more 
than |S| — 1 components, because each vertex-deleted subgraph is hamiltonian, 
hence tough. The Petersen graph is an example of a vertex-transitive hypohamil- 
tonian graph. Such graphs appear to be extremely rare. Another example is the 
Coxeter graph (see Exercises 18.1.14 and 18.1.16c); the attractive drawing of this 
graph shown in Figure 18.3 is due to Randfc (1981). Its geometric origins and 
many of its interesting properties are described in Coxeter (1983). 
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Fig. 18.3. The Coxeter graph 


Exercises 


18.1.1 By applying Theorem 18.1, show that the Herschel graph (Figure 18.1b) 
is nonhamiltonian. (It is, in fact, the smallest nonhamiltonian 3-connected planar 
graph.) 

18.1.2 Let G be a cubic graph, and let H be the cubic graph obtained from G by 


expanding a vertex to a triangle. Exhibit a bijection between the Hamilton cycles 
of G and those of H. 


18.1.3 Show that the Meredith graph (Figure 17.6) is nonhamiltonian. 


18.1.4 


a) Let G be a graph and let X be a nonempty proper subset of V. If G/X isa 
nonhamiltonian cubic graph, show that any path of G either misses a vertex 
of V \ X or has an end in V \ X. 

b) Construct a nontraceable 3-connected cubic graph. 


18.1.5 Find a 3-connected planar bipartite graph on fourteen vertices which is not 
traceable. 


18.1.6 A graph is traceable from a vertex x if it has a Hamilton 2-path, Hamilton- 
connected if any two vertices are connected by a Hamilton path, and 1-hamiltonian 
if it and all its vertex-deleted subgraphs are hamiltonian. 

Let G be a graph and let H be the graph obtained from G by adding a new vertex 
and joining it to every vertex of G. Show that: 


a) H is hamiltonian if and only if G is traceable, 
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b) H is traceable from every vertex if and only if G is traceable, 
c) H is Hamilton-connected if and only if G is traceable from every vertex, 
d) H is 1-hamiltonian if and only if G is hamiltonian. 


18.1.7 


a) Show that the graph of Figure 18.4 is l-hamiltonian but not Hamilton- 
connected. (T. ZAMFIRESCU) 


Fig. 18.4. A 1-hamiltonian graph which is not Hamilton-connected (Exercise 18.1.7) 


b) Find a Hamilton-connected graph which is not 1-hamiltonian. 


18.1.8 Find a 2-diregular hypohamiltonian digraph on six vertices. 
(J.-L. FOUQUET AND J.-L. JOLIVET) 


18.1.9 k- WALK 

A k-walk in a graph is a spanning closed walk which visits each vertex at most 
k times. (Thus a 1-walk is a Hamilton cycle.) If G has a k-walk, show that G is 
(1/k)-tough. 

(Jackson and Wormald (1990) showed that, for k > 3, every (1/(k — 2))-tough 
graph has a k-walk.) 


18.1.10 PATH PARTITION NUMBER 

A path partition of a graph is a partition of its vertex set into paths. The path 
partition number of a graph G, denoted 7(G), is the minimum number of paths 
into which its vertex set V can be partitioned. (Thus traceable graphs are those 
whose path partition number is one.) Let G be a graph containing an edge e which 
lies in no Hamilton cycle, and let H be the graph formed by taking m disjoint 
copies of G and adding all possible edges between the ends of the m copies of e, 
so as to form a clique of 2m vertices. Show that the path partition number of 1 
is at least m/2. 


18.1.11 A graph G is path-tough if 7(G— S) < |S| for every proper subset S$ of V. 
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a) Show that: 
i) every hamiltonian graph is path-tough, 
ii) every path-tough graph is tough. 
b) Give an example of a nonhamiltonian path-tough graph. 


18.1.12 Let G be a vertex-transitive graph of prime order. Show that G is hamil- 
tonian. 


18.1.13 Let G be the graph whose vertices are the thirty-five 3-element subsets of 
{1,2,3,4,5,6,7}, two vertices being joined if the subsets are disjoint. Let X be a 
set of vertices of G forming a Fano plane. Show that G — X is isomorphic to the 
Coxeter graph. 


e 


18.1.14 Show that the Petersen graph, the Coxeter graph, and the two graphs 
derived from them by expanding each vertex to a triangle, are all vertex-transitive 
nonhamiltonian graphs. (These four graphs are the only examples of such graphs 
known.) 


18.1.15 A graph is maximally nonhamiltonian if it is nonhamiltonian but every 
pair of nonadjacent vertices are connected by a Hamilton path. 


a) Show that: 
i) the Petersen graph and the Coxeter graph are maximally nonhamiltonian, 
ii) the Herschel graph is not maximally nonhamiltonian. 

b) Find a maximally nonhamiltonian spanning supergraph of the Herschel graph. 


18.1.16 Show that: 


a) the Petersen graph is hypohamiltonian, 
b) there is no smaller hypohamiltonian graph, 

(J.C. HERZ, J.J. DuBy, AND F. VIGUE) 
c) the Coxeter graph is hypohamiltonian. 


18.1.17 HyPOTRACEABLE GRAPH 
A graph is hypotraceable if it is not traceable but each of its vertex-deleted sub- 
graphs is traceable. Show that the graph in Figure 18.5 is hypotraceable. 

(C. THOMASSEN) 


18.1.18 PANCYCLIC GRAPH 
A simple graph on n vertices is pancyclic if it contains at least one cycle of each 
length 1, 3<l<n. 


a) Let G be a simple graph and v a vertex of G. Suppose that G—v is hamiltonian 
and that d(v) > n/2. Show that G is pancyclic. 

b) Prove, by induction on n, that if G is a simple hamiltonian graph with more 
than n?/4 edges, then G is pancyclic. (J.A. Bonpy; C. THOMASSEN) 
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ee. 


y ; > 


Fig. 18.5. A hypotraceable graph 


c) For all n > 4, give an example of a simple graph G with n?/4 edges which is 
hamiltonian but not pancyclic. 


18.1.19 A simple graph on n vertices is uniquely pancyclic if it contains precisely 
one cycle of each length 1, 3<I <n. 


a) For n = 3,5,8, 14, find a uniquely pancyclic graph on n vertices. 
b) Let G be a uniquely pancyclic graph. Show that: 

i) m> (n—1) +loga(n — 1), 

ii)ifn= C2) +2,thenm<n+r-—1. 


18.1.20 Let D be a 2-strong tournament, and let (2,y) be an arc of D such that 
d~(x) + dt(y) > n— 1. Show that (x,y) lies in a directed cycle of each length J, 
3<l<n. (A. YEO) 


18.1.21 Let H be a vertex-deleted subgraph of the Petersen graph P. Define a 
sequence Gj, i > 0, of 3-connected cubic graphs, as follows. 


D Go =P, 

> Gi41 is obtained from G; and v(G;) copies (Hy : v € V(Gi)) of H, by splitting 
each vertex v of G; into three vertices of degree one and identifying these 
vertices with the three vertices of degree two in Hy. 


Set G:= Gy. 


a) Show that: 
i)n=10-9*, 
ii) the circumference of G is 9- 8* = en’, where y = log8/log9, and ¢ is a 
suitable positive constant. 
b) By appealing to Exercise 9.1.13, deduce that G has no path of length more 
than c’n7, where c’ is a suitable positive constant. 
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(Jackson (1986) has shown that every 3-connected cubic graph G has a cycle of 
length at least n7 for a suitable positive constant y. For all d > 3, Jackson and 
Parsons (1982) have constructed an infinite family of d-connected d-regular graphs 
G with circumference less than n’, where y < 1 is a suitable positive constant 
depending on d.) 


18.1.22 Let ¢ be a positive real number. A connected graph G is t-tough if c(G — 
S') < |S|/t for every vertex cut S of V. (Thus 1-tough graphs are the same as tough 
graphs.) The largest value of t for which a graph is t-tough is called its toughness. 


a) Determine the toughness of the Petersen graph. 
b) Show that every 1-tough graph on an even number of vertices has a 1-factor. 
c) Consider the graph H described in Exercise 18.1.10, where G is the graph 
shown in Figure 18.6 and m = 5. Show that H V Kg is 2-tough but not path- 
tough (hence not hamiltonian). 
(D. BAvErR, H.J. BROERSMA, AND H.J. VELDMAN) 


(Chvatal (1973) has conjectured the existence of a constant t such that every 
t-tough graph is hamiltonian.) 


Fig. 18.6. An element in the construction of a nonhamiltonian 2-tough graph (Exer- 
cise 18.1.22) 


18.2 Nonhamiltonian Planar Graphs 


GRINBERG’S THEOREM 


Recall (from Section 11.1) that Tait (1880) showed the Four-Colour Conjecture 
to be equivalent to the statement that every 3-connected cubic planar graph is 
3-edge-colourable. Tait thought that he had thereby proved Four-Colour Con- 
jecture, because he believed that every such graph was hamiltonian, and hence 
3-edge-colourable. However, Tutte (1946) showed this to be false by constructing 
a nonhamiltonian 3-connected cubic planar graph (depicted in Figure 18.7) using 
ingenious ad hoc arguments (Exercise 18.2.1). For many years, the Tutte graph was 
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Fig. 18.7. The Tutte graph 


the only known example of a nonhamiltonian 3-connected cubic planar graph. But 
then Grinberg (1968) discovered a simple necessary condition for a plane graph 
to be hamiltonian. His discovery led to the construction of many nonhamiltonian 
planar graphs. 


Theorem 18.2 GRINBERG’S THEOREM 
Let G be a plane graph with a Hamilton cycle C. Then 


n 


Si - 2)(¢; - 7) =0 (18.2) 


i=l 


where ¢/, and $! are the numbers of faces of degree i contained in Int C and Ext 
C, respectively. 


Proof Denote by E’ the subset of E(G)\E(C) contained in Int C, and set m! := 
|E’|. Then Int C contains exactly m’ + 1 faces (see Figure 18.8, where m’ = 3 and 
the four faces all have degree four). 

Therefore 


Sodgam't1 (18.3) 
i=1 


Now each edge in E’ lies on the boundary of two faces in Int C, and each edge of 
C lies on the boundary of exactly one face in Int C. Therefore 


n 


S- igi = 2m! +n (18.4) 


i=l 
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Fig. 18.8. An illustration for Grinberg’s Identity (18.2) 


Using (18.3), we can eliminate m’ from (18.4) to obtain 


n 


iG - 2 =n-2 


i=1 


Likewise, 
nm 


Si(i-2)¢/ =n-2 


i=l 


Equations (18.5) and (18.6) now yield (18.2). 


(18.5) 


(18.6) 


Equation (18.2) is known as Grinberg’s Identity. With the aid of this identity, 
it is a simple matter to show, for example, that the Grinberg graph, depicted in 
Figure 18.9, is nonhamiltonian. Suppose that this graph is hamiltonian. Noting 


f 


\ 


Fig. 18.9. The Grinberg graph 


18.2 Nonhamiltonian Planar Graphs 481 


that it only has faces of degrees five, eight, and nine, Grinberg’s Identity (18.2) 
yields 
3(¢5 — 65) + 6(g — og) + 7(¢9 — $5) = 0 
We deduce that 
7(¢9 — $5) =0 (modulo 3) 


But this is clearly impossible, because the value of the left-hand side is 7 or —7, 
depending on whether the unique face of degree nine lies in Int C or in Ext C. 
Therefore the graph cannot be hamiltonian. 

The Grinberg graph is an example of a nonhamiltonian 3-connected essentially 
4-edge-connected cubic planar graph. Tutte (1956) showed, on the other hand, 
that every 4-connected planar graph is hamiltonian. (Thomassen (1983b) found a 
shorter proof of this theorem, but his proof is still too complicated to be presented 
here. The basic idea is discussed in Section 18.6.) 

In applying Grinberg’s Identity, the parities of the face degrees play a cru- 
cial role. This approach fails to provide examples of bipartite nonhamiltonian 
3-connected cubic planar graphs. Indeed, Barnette (1969), and independently Kel- 
mans and Lomonosov (1975), conjectured that there are no such graphs. 


BARNETTE’S CONJECTURE 


Conjecture 18.3 Every 3-connected cubic planar bipartite graph is hamilto- 
nian. 


Planarity is essential here. An example of a nonhamiltonian 3-connected cubic 
bipartite graph was constructed by J. D. Horton (see Bondy and Murty (1976), 
p.240). The smallest example known of such a graph was found independently by 
Kelmans (1986, 1994) and Georges (1989). It is shown in Figure 18.10. 

Historical note. Interestingly, and ironically, Grinberg’s Identity (18.2) was 
known already to Kirkman (1881), some ninety years earlier. But Kirkman, con- 
vinced that every 3-connected cubic planar graph was hamiltonian, used it as a 
tool in searching for Hamilton cycles in particular examples of such graphs. 

In the next section, we derive various sufficient conditions for hamiltonicity. 


Exercises 


18.2.1 


a) Show that no Hamilton cycle in the pentagonal prism (the graph Gj in Fig- 
ure 18.11) can contain both of the edges e and e’. 

b) Using (a), show that no Hamilton cycle in the graph G2 can contain both of 
the edges e and e’. 
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Po<y} | 


Fig. 18.10. The Kelmans—Georges graph: a nonhamiltonian 3-connected cubic bipartite 
graph 


c) Using (b), show that every Hamilton cycle in the graph Gz must contain the 
edge e. 
d) Deduce that the Tutte graph (Figure 18.7) is nonhamiltonian. 


Fig. 18.11. Three steps in the construction of the Tutte graph 


18.2.2 Give an example of a simple nonhamiltonian cubic planar graph of connec- 
tivity two. 


18.2.3 Let G = Gx, where Go is the plane graph Ky, and G; the plane triangu- 
lation obtained from G;_1, i > 1, by inserting a vertex in each face and joining it 
to the three vertices on the boundary of the face. Let | be the circumference of G. 


a) Show that n = 2-(3* +1) and 1 < 2**?. 
b) Deduce that | < en!°82/1°83 for a suitable constant c. 
(J.W. Moon AND L. MOSER) 
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18.2.4 Let G be a cubic plane graph which admits a Hamilton double cover (a 
double cover by three Hamilton cycles). 


a) Show that each of these Hamilton cycles induces the same 4-face-colouring of 
G (see Exercise 11.2.5). 

b) For i > 1 and 1 < j < 4, let ¢,; be the number of faces of degree 7 assigned 
colour j. Show that 3>;"_,(i — 2)¢i; = (n — 2)/2, 1 < j < 4 (and thus is 
independent of the colour j). 

c) Deduce that no cubic planar bipartite graph on 0 (mod 4) vertices admits a 
Hamilton double cover. (H. FETTER) 

d) Find an example of such a graph. 


18.2.5 


a) Using the fact that the Petersen graph, drawn in Figure 18.12a, has no Hamil- 
ton cycle, show that the graph in Figure 18.12b has no Hamilton cycle through 
both of the edges e and f. 

b) The graph shown in Figure 18.12c is a redrawing of the one in Figure 18.12b. 
The Kelmans—Georges graph, depicted in Figure 18.10, is obtained from the 
Petersen graph of Figure 18.12a by substituting two copies of the graph of 
Figure 18.12c for the two edges e and f. Deduce from (a) that this graph has 
no Hamilton cycle. (A.K. KELMANS) 


f 
(a) 


Fig. 18.12. Kelmans’ construction of the Kelmans—Georges graph 


18.3 Path and Cycle Exchanges 


In this section, we describe how paths and cycles can be transformed into other 
paths and cycles by means of simple operations. These operations turn out to be 
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very helpful in searching for long paths and cycles (in particular, Hamilton paths 
and cycles). 

First, a little notation. If v is a vertex of a path P or cycle C with a specified 
sense of traversal, we denote by v~ and vt the predecessor and successor of v, 
respectively, on P or C' (provided that these vertices exist) (see Figure 18.13). 


C . 
v 
vou ut > 


(a) (0) 


Fig. 18.13. Predecessors and successors on a path P and a cycle C 


This notation is extended to subsets S of V(P) or V(C) as one would expect: 


S”- :={v_:veES} and St:={vt: ve S$} 


PATH EXCHANGES 


A natural way of searching for a Hamilton path in a graph is as follows. Let x be 
an arbitrary vertex. Suppose that an x-path «Py has already been found. If y is 
adjacent to a vertex z which does not lie on P, we can simply extend P by adding 
the vertex z and the edge yz. On the other hand, if z is a neighbour of y on P, 
but not the immediate predecessor of y, we can transform P to an 2-path P’ of 
equal length by adding the edge yz to P (thereby forming a lollipop, the union of 
a path and a cycle having exactly one common vertex) and deleting the edge zzt 
(see Figure 18.14). This transformation from P to P’ is called a path exchange. Of 
course, if it so happens that z* is adjacent to a vertex not on P’, the path P’ can 
then be extended to a path longer than P. 


z fs y a aa 


P P’ 
Fig. 18.14. A path exchange 
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CYCLE EXCHANGES 


There is also a simple way of transforming one cycle C' into another cycle C’ of 
the same length. If there are nonconsecutive vertices x and y on C’ such that both 
xy and «ty? are edges of the graph, the cycle C’ obtained by adding these two 
edges to C, and deleting the edges xx* and yyt from C, is said to be derived from 
C by means of a cycle exchange (see Figure 18.15). 


Ce 


Fig. 18.15. A cycle exchange 


Let us remark in passing that cycle exchanges lead to an obvious heuristic for 
the Travelling Salesman Problem (2.6). If C is a Hamilton cycle in a weighted 
graph (G,w), and 


w(ay) + w(at yt) < w(ae") + w(yy") 


then the cycle C’ will be an improvement on C. 
Path and cycle exchanges are the key to establishing the existence of Hamilton 
paths and cycles in many classes of graphs. 


DIRAC’S THEOREM 


Every complete graph on at least three vertices is evidently hamiltonian; indeed, 
the vertices of a Hamilton cycle can be selected one by one, in an arbitrary order. 
But suppose that our graph has considerably fewer edges. In particular, we may 
ask how large the minimum degree must be in order to guarantee the existence of 
a Hamilton cycle. The following theorem of Dirac (1952b) answers this question. 


Theorem 18.4 DIRAc’s THEOREM 
Let G be a simple graph of minimum degree 6, where 6 > n/2 andn > 3. Then G 
is hamiltonian. 


Proof Form a 2-edge-coloured complete graph K with vertex set V by colouring 
the edges of G blue and the edges of its complement G red. Let C be a Hamilton 
cycle of k with as many blue edges as possible. We show that every edge of C' is 
blue, in other words, that Cis a Hamilton cycle of G. 
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Suppose not, and let zat be a red edge of C, where «* is the successor of x on 
C. If S$ := Ng(z) is the set of vertices joined to x by blue edges and T := Ng(at) 
is the set of vertices joined to xt by blue edges, then 


|S*| + |T| = |S| + |T] = de(z) + de(a*) > 25 >n 
Because xt ¢ St and xt ¢ T, we have St UT CV \ {zx}, so 
Ist nT] =|S*|4|2|-|StuT|>n—(n-1)=1 


Let yt € S*AT. Then the Hamilton cycle C’ obtained from C by exchanging the 
edges xaz* and yyt for the blue edges xy and «tyt has more blue edges than C, 
contradicting the choice of C (see Figure 18.15). Thus every edge of C' is indeed 
blue. 


We remark that Theorem 18.4 can also be proved by means of path exchanges 
(Exercise 18.3.1). 


THE CLOSURE OF A GRAPH 


Observe that the proof of Theorem 18.4 does not make full use of the hypothesis 
that 6 > n/2, but only of the weaker condition that the sum of the degrees of the 
two nonadjacent vertices x and x* is at least n. The same method of proof can 
therefore be used to establish the following lemma. 


Lemma 18.5 Let G be a simple graph and let u and v be nonadjacent vertices in 
G whose degree sum is at least n. Then G is hamiltonian if and only if G+ uv is 
hamiltonian. 


Proof If G is hamiltonian, so too is G+ uv. Conversely, suppose that G + uv 
has a Hamilton cycle C. Then, as in the proof of Theorem 18.4 (with « := u and 
x* := v), there is a cycle exchange transforming C to a Hamilton cycle C’ of G. 


Lemma 18.5 motivates the following definition. The closure of a graph G is the 
graph obtained from G by recursively joining pairs of nonadjacent vertices whose 
degree sum is at least n until no such pair remains. The order in which edges are 
added to G in forming the closure has no effect on the final result (Exercise 18.3.2). 


Lemma 18.6 The closure of G is well-defined. 


Figure 18.16 illustrates the formation of the closure G’ of a graph G on six 
vertices. In this example, it so happens that the closure is complete. The pertinence 
of the closure operation to the study of Hamilton cycles resides in the following 
observation, due to Bondy and Chvatal (1976). 


Theorem 18.7 A simple graph is hamiltonian if and only if its closure is hamil- 
tonian. 


18.3 Path and Cycle Exchanges 


DOSS 


Fig. 18.16. The closure of a graph 


Proof Apply Lemma 18.5 each time an edge is added in the formation of the 
closure. 


Theorem 18.7 has a number of interesting consequences. First, because all 
complete graphs on at least three vertices are evidently hamiltonian, we obtain 
the following result. 


Corollary 18.8 Let G be a simple graph on at least three vertices whose closure 
is complete. Then G is hamiltonian. 


Consider, for example, the graph of Figure 18.17. One readily checks that its 
closure is complete. By Corollary 18.8, this graph is therefore hamiltonian. It is 
perhaps interesting to note that the graph of Figure 18.17 can be obtained from the 
graph of Figure 18.2 by altering just one end of one edge, and yet we have results 
(Corollary 18.8 and Theorem 18.1) which tell us that this graph is hamiltonian 
whereas the other is not. 


Fig. 18.17. A graph whose closure is complete 


Corollary 18.8 can be used to derive various sufficient conditions for a graph to 
be hamiltonian in terms of its vertex degrees. For example, because the closure is 
clearly complete when 6 > n/2, Dirac’s Theorem (18.4) is an immediate corollary. 
Chvatal (1972) extended Dirac’s Theorem to a wider class of graphs. 
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Theorem 18.9 Let G be a simple graph with degree sequence (di, d2,...,dn), 
where dy < dg < +++ < dy and n > 3. Suppose that there is no integer k < n/2 
such that dy <k and dn_, <n—k. Then G is hamiltonian. 


Proof Let G’ be the closure of G. We show that G’ is complete. The conclusion 
then follows from Corollary 18.8. We denote the degree of a vertex v in G" by d’(v). 

Assume, to the contrary, that G’ is not complete, and let wu and v be two 
nonadjacent vertices in G’ with 


d'(u) < d'(v) (18.7) 


and d’(u) + d’(v) as large as possible. Because no two nonadjacent vertices in G’ 
can have degree sum 7 or more, we have 


d'(u) +d'(v) <n (18.8) 


Now denote by S the set of vertices in V \ {v} which are nonadjacent to v 
in G’, and by T the set of vertices in V \ {u} which are nonadjacent to u in G’. 
Clearly 


|S} =n—1—d(v), and |T| =n-—1—-d'(u) (18.9) 


Furthermore, by the choice of u and v, each vertex of S has degree at most d’(w) 
and each vertex of TU {u} has degree at most d'(v). Setting k := d'(u) and using 
(18.8) and (18.9), we find that G’ has at least k vertices of degree not exceeding k 
and at least n—k vertices of degree strictly less than n—k. Because G is a spanning 
subgraph of G’, the same is true of G; that is, dy < k and dn_, <n—k. But this 
is contrary to the hypothesis, because k < n/2 by (18.7) and (18.8). We conclude 
that the closure G’ of G is indeed complete, and hence that G is hamiltonian, by 
Corollary 18.8. 


One can often deduce that a given graph is hamiltonian simply by computing 
its degree sequence and applying Theorem 18.9. This method works with the graph 
of Figure 18.17, but not with the graph G of Figure 18.16, even though the closure 
of the latter graph is complete. From these examples, we see that Theorem 18.9 is 
stronger than Theorem 18.4 but not as strong as Corollary 18.8. 


THE CHVATAL-ERDOS THEOREM 


We conclude this section with a sufficient condition for hamiltonicity involving a 
remarkably simple relationship between the stability number and the connectivity, 
due to Chvatal and Erdés (1972). Its proof makes use of bridges, introduced in 
Section 10.4. 


Theorem 18.10 THE CHVATAL-ERDOS THEOREM 
Let G be a graph on at least three vertices with stability number a and connectivity 
k, where a < Kk. Then G is hamiltonian. 
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Proof Let C be a longest cycle in G. Suppose that C' is not a Hamilton cycle. Let 
B be a proper bridge of C in G, and denote by S its set of vertices of attachment 
to C. For any two vertices x and y of S, there is a path «Py in B; this path is 
internally disjoint from C' and of length at least two (see Figure 18.18). Because 
C is a longest cycle, it follows that x and y are not consecutive vertices of C. 
For the same reason, x* and y* are nonadjacent; otherwise, the cycle obtained 
by exchanging the edges rat and yy* of C for the path «Py and the edge atyt 
would be longer than C. Thus S* is a stable set of G, and is disjoint from S. 


Fig. 18.18. Proof of the Chvdtal-Erdés Theorem (18.10) 


Let z be an internal vertex of B. Every neighbour of z on C’ belongs to S. 
Because S$ and S* are disjoint, StU{z} is a stable set. This implies that |S] < a. 
On the other hand, S is a vertex cut of G because B — S' is a component of G— S, 
so |.S| > «. Hence 

G<|5|\=|5"|<a@ 


But this contradicts the hypothesis. Therefore C’ is indeed a Hamilton cycle of G. 


Theorem 18.10 was generalized in a very nice way by Kouider (1994). A Hamil- 
ton cycle is a spanning cycle, that is, one which covers the entire vertex set of the 
graph. Kouider proved that the vertex set of any 2-connected graph G can be cov- 
ered by a family of at most [a/«] cycles. When a < k, this is just Theorem 18.10. 
In Section 19.3, we discuss an analogous theorem for digraphs. 
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Exercises 


18.3.1 Let G be a simple graph on at least three vertices in which the degree sum 
of any two nonadjacent vertices is at least n. Consider a vertex x of G and an 
x-path P. 


a) Show that P can be transformed to a Hamilton path Q of G, by means of path 
extensions and path exchanges. 

b) By considering the degree sum of the two ends of Q, deduce that G contains 
a Hamilton cycle. 


18.3.2 Prove Lemma 18.6. 


18.3.3 


a) Let G be a nontrivial simple graph with degree sequence (d,, d2,...,d,), where 
d, < dg <...<d,. Suppose that there is no integer k < (n+ 1)/2 such that 
dy < k and dyn—p41 < n—k. Show that G is traceable. 

b) Deduce that every self-complementary graph is traceable. 

(C.R.J. CLAPHAM) 


18.3.4 Show that a simple graph and its complement cannot both satisfy the 
hypotheses of Theorem 18.9. (A.V. KosTocHKA AND D.B. WEST) 
18.3.5 Let G be a simple graph of minimum degree 6. Show that: 

a) G contains a path of length 26 if G is connected and 6 < (n — 1)/2, 

b) G is traceable if 6 > (n — 1)/2. 


18.3.6 Let G be a graph with stability number a and connectivity k, where a < 
& +1. Show that G is traceable. 


ee 


18.3.7 Let G be a simple graph, and let X be the set of vertices of G of degree at 
least n/2. If |X| > 3, show that G has a cycle which includes X. (R. SHI) 


18.3.8 A graph G is degree-majorized by a graph H if v(G) = v(#) and the 
degree sequence of G (in nondecreasing order) is majorized by that of H (see 
Exercise 12.2.5). 


a) Let m and n be positive integers with m < n/2 and n > 3. Show that the 
graph Kim V (Kn—2m + Km) is nonhamiltonian. 

b) Show that every nonhamiltonian simple graph on n vertices, where n > 3, is 
degree-majorized by Km V (Kn—2m + Km) for some m < n/2. (V. CHVATAL) 


18.3.9 Let G := G[X,Y] be a simple bipartite graph, where |X| = |Y| > 2, with 
degree sequence (d,,do,...,d,), where dy < dy <--- < d,. Suppose that there 
is no integer k < n/4 such that dy < k and d,sg < n/2 —k. Show that G is 
hamiltonian. 
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18.3.10 
a) Let G be a simple graph with m > a) +1 and n > 3. Show that G is 
hamiltonian. (O. ORE) 


b) Show that the only nonhamiltonian simple graphs with n vertices and A) +1 
edges are the graphs Ky V (Kn—-2 + Ki) and, for n = 5, the graph K2 V K3. 


18.3.11 


a) Let G be a Hamilton-connected graph with n > 4. Show that m > 3n/2. 

b) For all even n > 4, construct a Hamilton-connected graph G with m = 3n/2. 

c) For all odd n > 5, construct a Hamilton-connected graph G with m = (3n + 
1) /2. (J.W. Moon) 


18.3.12 Deduce from Theorem 18.10 the following two results. 


a) Let G be a simple graph with n > 3 in which the degree sum of any two 
nonadjacent vertices is at least n. Then G is hamiltonian. (This is also a direct 


consequence of Corollary 18.8.) (O. ORE) 
b) Let G be a simple k-regular graph on 2k + 1 vertices, where k > 2. Then G is 
hamiltonian. (C.ST.J.A. NASH-WILLIAMS) 


18.3.13 A vertex v is insertable into a path P if v is adjacent to two consecutive 
vertices z,z* of P. Let xPy and uQv be disjoint paths. The path Q is absorbable 
into P if there is a path with vertex set V(P) UV(Q). Suppose that each vertex 
of Q is insertable into P. Show that Q is absorbable into P. (A. AINOUCHE) 


18.3.14 Let G be a connected graph which contains a path of length k, and in 
which every such path is contained in a cycle of length at least J. 


a) Show that each path in G of length less than k is contained in a path of length 
k. 

b) Deduce that each path in G of length less than k is contained in a cycle of 
length at least J. (T.D. PARSONS) 


18.3.15 


a) Let G be a simple 2-connected graph, and let «Py be a longest path in G. For 
a vine (a;Qiy; : 1 < i <r) on P, consider the cycles C; := P; U Q;, where 
P,:= 2%;Py;, 1<i<vr, and the cycle C := Aft_,C;. Suppose the vine chosen 
so that: 
> ris as small as possible, 
> subject to this condition, |V(C) M V(P)| is as large as possible. 

Show that: 
i) {a} U ty} U N(x) U N(y) CV(C), 
ii) C is either a Hamilton cycle of G or a cycle of length at least d(x) + d(y). 

b) Deduce the following statements. 

i) If G is a simple 2-connected graph with 6 < n/2, then G contains a cycle 
of length at least 26. (G.A. Dirac) 
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ii) If G := G(a,y) is a simple 2-connected graph such that d(v) > & for all 
v#«,y, then G contains an xy-path of length at least k. 
(P. ERDOs AND T. GALLAI) 


18.3.16 Let G be a claw-free graph. 


a) Show that the subgraph of G' induced by the neighbours of any vertex is either 
connected (Type 1) or has exactly two components, both of which are complete 
(Type 2). 

b) Let v be a vertex of Type 1 in G whose neighbourhood is not a clique, and 
let G’ be a graph obtained from G by adding an edge joining two nonadjacent 
neighbours of v. Show that G’ is hamiltonian if and only if G is hamiltonian. 

c) The Ryjdéek closure of G is the graph H obtained by recursively applying the 
operation described in (b) until the neighbourhood of every vertex of Type 1 
is a clique. Show that: 

i) H is the line graph of a triangle-free graph, 
ii) H is hamiltonian if and only if G is hamiltonian. (Z. RYJACEK) 


18.4 Path Exchanges and Parity 


In the previous section, we saw that a simple graph each vertex of which is adjacent 
to more than half of the other vertices contains a Hamilton cycle. More surprising, 
perhaps, is the fact that one can say something about Hamilton cycles in cubic 
graphs. Such graphs need not have any Hamilton cycles at all (the Petersen and 
Coxeter graphs being two familiar examples). However, as C. A. B. Smith proved, 
each edge of a cubic graph lies in an even number of Hamilton cycles (see Tutte 
(1946)). From this one can deduce that if a cubic graph has one Hamilton cycle, 
it has at least three of them (Exercise 18.4.la). Smith’s Theorem was extended 
by Thomason (1978) using the exchange operation between x-paths introduced in 
Section 18.1. We now describe his idea. 


THE LOLLIPOP LEMMA 


Let G be a graph (not necessarily simple). The x-path graph of G is the graph 
whose vertices are the longest x-paths of G, two such paths being adjacent if and 
only if they are related by a path exchange (see Figure 18.19). Thomason (1978) 
made use of this concept to establish a basic property of x-paths. 


Theorem 18.11 THE LOLLIPOP LEMMA 

Let G be a connected graph on at least two vertices, and let x be a vertex of G. 
Then the number of longest x-paths of G that terminate in a vertex of even degree 
is even. 


Proof Let H denote the z-path graph of G and let P be a longest x-path of G. 
If P terminates in y, 
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c ; acbda — acbad ——— acdab | acdba 


b abcda | ebade 


>) rc - 


€ d [ wadbe j xadcb | zabed |—— wabde ] 


(a) (b) 
Fig. 18.19. (a) A graph G, (b) the z-path graph of G 


dy(P) = daly) —1 
Thus y is of even degree in G if and only if P is of odd degree in H. Because the 
number of vertices of odd degree in H is even by Corollary 1.2, the number of 
longest x-paths in G that terminate in a vertex of even degree is also even. 


Corollary 18.12 Let G be a graph on at least three vertices, and let x and y be 
two vertices of G. Suppose that each vertex of G other than x and y is of odd 
degree. Then the number of Hamilton xy-paths in G is even. In particular, if G is 
a graph in which all vertices are of odd degree, then each edge of G lies in an even 
number of Hamilton cycles. 


Proof We may assume that G has at least one Hamilton xy-path, otherwise the 
conclusion is trivial. Set G’ := G— y. The longest z-paths of G’ are Hamilton 
paths of G’, and each Hamilton xy-path of G is an extension of such a path. Let 
xP'z be a Hamilton path of G’. If z is of odd degree in G’, the number of edges 
between y and z is even, because z is of odd degree in G. Thus P’ gives rise to 
an even number of Hamilton ry-paths of G in this case. On the other hand, if z 
is of even degree in G’, then P’ gives rise to an odd number of Hamilton xy-paths 
of G. But, by Theorem 18.11, the number of Hamilton x-paths of G’ ending in a 
vertex of even degree is even. Hence the total number of Hamilton xy-paths in G 
is even. 


A special case of Corollary 18.12 is the theorem of C. A. B. Smith referred to 
earlier. 


Theorem 18.13 SMITH’s THEOREM 
In any cubic graph, each edge lies in an even number of Hamilton cycles. 


The results of this section give rise to intriguing algorithmic questions. Smith’s 
Theorem implies that every cubic graph with one Hamilton cycle has a second 
Hamilton cycle. Chrobak and Poljak (1988) asked how hard it is to find a second 
Hamilton cycle in such a graph when supplied with one of them. The answer is 
unknown. In particular, no polynomial-time algorithm has been devised for solving 
this problem. 
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UNIQUELY HAMILTONIAN GRAPHS 


A graph is called uniquely hamiltonian if it has exactly one Hamilton cycle. Corol- 
lary 18.12 implies that no regular graph of odd degree is uniquely hamiltonian. 
Sheehan (1975) conjectured that the same is true of regular simple graphs of even 
degree four or more. 

Sheehan’s Conjecture can be restricted without loss of generality to 4-regular 
graphs, as stated below. For if C is a Hamilton cycle of G, then the spanning 
subgraph G \ E(C) is regular of positive even degree, and hence has a 2-factor F 
(Exercise 16.4.16b). The graph H := F UC is a 4-regular spanning subgraph with 
a Hamilton cycle C. If we could prove that H had a second Hamilton cycle, then 
G would also have this second Hamilton cycle. 


SHEEHAN’S CONJECTURE 


Conjecture 18.14 Every hamiltonian 4-regular simple graph has at least two 
Hamilton cycles. 


Note that the conditions of simplicity and regularity here are essential. Exam- 
ples of uniquely hamiltonian 4-regular graphs with multiple edges and of uniquely 
hamiltonian simple graphs of minimum degree four were constructed by Fleischner 
(1994, 2007). 

By applying the methods described in this chapter, Thomassen (1998) obtained 
a general sufficient condition for the existence of at least two Hamilton cycles in a 
hamiltonian graph. Thomassen’s argument is based on the following concepts. 

Consider a (not necessarily proper) 2-edge-colouring of a graph G in red and 
blue. A set S of vertices of G is called red-stable if no two vertices of S' are joined 
by a red edge, and blue-dominating if every vertex of V \ S is adjacent by a blue 
edge to at least one vertex of S. 


Theorem 18.15 Let G be a graph and let C be a Hamilton cycle of G. Colour the 
edges of C red and the remaining edges of G blue. Suppose that there is a red-stable 
blue-dominating set S in G. Then G has a second Hamilton cycle. 


Proof Let S be a red-stable blue-dominating set, and let T := S~US™*. Consider 
the spanning subgraph H of G the edge set of which consists of all red edges and, 
for each vertex y € T, one blue edge joining y to a vertex of S. In H, each vertex 
of T has degree three, whereas every other vertex of V \.S has degree two. Because 
S is red-stable, it follows that H — S has exactly |.S| components, each of which is 
a path whose ends are in T. By Theorem 18.1, every Hamilton cycle of H includes 
all of these paths. Let e = xy € E(C), where x € S and y € T. By Theorem 18.11, 
the number of longest 2-paths of H \ e that terminate in a vertex of even degree 
is even. But the Hamilton path C \ e is one such path, because y has degree two 
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in H \ e. Let P be another such path. Then P + e is a second Hamilton cycle of 
H, hence also of G. 


One easy consequence of Theorem 18.15 is the following result for bipartite 
graphs. 


Corollary 18.16 Let G[X,Y] be a simple hamiltonian bipartite graph in which 
each vertex of Y has degree three or more. Then G has at least two Hamilton 
cycles. 


Proof Let C be a Hamilton cycle of G. Colour the edges of C red and the 
remaining edges of G blue. Each vertex of Y is then incident to at least one blue 
edge, so X is a red-stable blue-dominating set in G. By Theorem 18.15, G has a 
second Hamilton cycle. 


Thomassen (1998) applied the Local Lemma (Theorem 13.12) to show that if 
k is sufficiently large, then every simple hamiltonian k-regular graph fulfills the 
requirements of Theorem 18.15 and hence has at least two Hamilton cycles. 


Theorem 18.17 For k > 73, every simple hamiltonian k-regular graph has at 
least two Hamilton cycles. 


Proof Let G be a simple hamiltonian k-regular graph, and let C' be a Hamilton 
cycle of G. As in Theorem 18.15, we colour the edges of C red and the remaining 
edges of G blue. We now select each vertex of G independently, each with proba- 
bility p, so as to obtain a random subset S of V. We show that, for an appropriate 
choice of p, this set S' is, with positive probability, a red-stable blue-dominating 
set. The theorem then follows on applying Theorem 18.15. 

For each element of E(C’) U V(G), we define a ‘bad’ event, as follows. 


> A,: both ends of edge e of C belong to S. 
> By: neither vertex v of G nor any vertex joined to v by a blue edge belongs to 


S. 


We have p(A-) = p? and P(B,) = (1 — p)*~!, because each vertex v has 
blue degree k — 2. We define a dependency graph H for these events, with vertex 
set E(C) U V(G), by declaring two vertices to be adjacent in H if the sets of 
vertices involved in the corresponding events intersect. The vertices involved in 
A,, namely the two ends of e, are each involved in one other event Ay and k — 1 
events B,. Thus e has degree at most 2 + (2k — 2) in the dependency graph H. 
The k — 1 vertices involved in B, are each involved in two events A,, and are 
together involved in a total of at most (k — 2)? other events B,,. Thus v has degree 
at most (2k — 2) + (k — 2)? in H. In order to apply the Local Lemma, we must 
therefore select a value for p and numbers x (associated with each event A.) and 
y (associated with each event B,) such that: 


p?<a(l—2)?(1—y)*?_ and (1—p)*! < y(1—2)* (1 — y)®) 


We may simplify these expressions by setting 2 := a? and y := b*—!: 


496 18 Hamilton Cycles 
peal=e =e) and Llopebi=-@ y= 


Thus 
1< a(1 = a*)(1 _ me aes le b(1 _ a”)*(1 = ea 


For k > 73, a solution to this inequality is obtained by setting a = .25 and b = .89, 
resulting in a value of .2305 for p. 


The bound k > 73 in Theorem 18.17 was reduced to k > 23 by Haxell et al. 
(2007). However, Sheehan’s Conjecture remains open. 

To conclude this discussion of Sheehan’s Conjecture, let us note a more recent 
conjecture, due to Fleischner (2007), which bears a close resemblance to it. 


Conjecture 18.18 FLEISCHNER’S CONJECTURE 
Every hamiltonian 4-connected graph has at least two Hamilton cycles. 


This conjecture holds for planar graphs (see Section 18.6). 


Exercises 


18.4.1 


a) Show that: 
i) every hamiltonian cubic graph has at least three Hamilton cycles, 
ii) both the complete graph A‘4 and the generalized Petersen graph P29 have 
exactly three Hamilton cycles. 
b) For each integer n > 2, construct a simple cubic graph on 2n vertices with 
exactly three Hamilton cycles. 


18.4.2 Let G be a cubic hamiltonian graph and let e be an edge of G. Form a 
bipartite graph H[C,#], where C is the set of proper 3-edge colourings of G and 
F is the set of even 2-factors of G (that is, 2-factors all components of which are 
even cycles) that include the edge e, with c € C joined to F' € F if and only if F 
is induced by the union of two of the colours in the 3-edge-colouring c. 


a) Show that: 

i) every vertex in C has degree two, 

ii) a vertex F € F with k components has degree 2*-1. 
b) Deduce Smith’s Theorem (18.13). 


18.4.3 Consider the graph G of Figure 18.20. 


a) Show that: 
i) the edge e lies in no Hamilton cycle and no Hamilton xry-path of G, 
ii) G has exactly one Hamilton cycle and exactly one Hamilton wy-path. 
b) Deduce that: 
i) the graph G + zy, in which one vertex is of degree four and the rest are of 
degree three, has exactly two Hamilton cycles, 
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ii) the graph H of Figure 18.20, in which two vertices are of degree four and 
the rest are of degree three, has a unique Hamilton cycle. 
(R.C. ENTRINGER AND H. SWART) 


Fig. 18.20. Construction of a uniquely hamiltonian almost cubic graph 


ee 


18.4.4 Show that every cubic bipartite graph on at least four vertices has an even 
number of Hamilton cycles. (A. KorTzic) 


18.4.5 


a) Let G be asimple cubic graph. Show that the line graph of G admits a Hamilton 
decomposition if and only if G is 3-edge-colourable. (A. KotTzic) 

b) Deduce that the line graph of the Petersen graph is a 4-connected 4-regular 
graph which admits no Hamilton decomposition. 


18.4.6 


a) Let G be a 4-regular plane graph that admits a decomposition into two Hamil- 
ton cycles, C and D. Denote by Fi, Fie, Fo,, and Fo the sets of faces of 
G interior to both C and D, interior to C but exterior to D, interior to D 
but exterior to C’, and exterior to both C and D, respectively. Show that 
9(Fis) = g(Fa2) and g(Fi2) = g(Fa1), where g(Fij) = Di rer,, (a(S) — 2). 

b) i) Draw the medial graph of the Herschel graph (Figure 18.1b). 

ii) Deduce from (a) that if G is a plane graph and if either G or G* fails to 
satisfy Grinberg’s Identity, then its medial graph has no Hamilton decom- 
position. 

iii) Conclude that the medial graph of the Herschel graph is a 4-connected 
4-regular plane graph which admits no Hamilton decomposition. 

(J.A. BoNDy AND R. HAGGKVIST) 
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18.4.7 


a) Let G be a 4-regular graph on at least three vertices, and let e and f be two 
edges of G. Show that: 
i) the number of decompositions of G into two Hamilton cycles, one contain- 
ing e and the other containing f, is even, 
ii) the number of decompositions of G into two Hamilton cycles, one of which 
contains both e and f, is even. 
b) Deduce that the number of decompositions of G into two Hamilton cycles is 


even. 

c) Deduce also that a 2k-regular graph with one Hamilton decomposition has at 
least 3°-1(k — 1)! such decompositions. (A.G. THOMASON) 
18.4.8 By applying Exercise 18.4.7, show that, for k > 4, the only uniquely k- 
edge-colourable simple graph is the star Ky1,,. (A.G. THOMASON) 
18.4.9 Deduce Theorem 18.15 from Corollary 18.16. (C. THOMASSEN) 


18.4.10 Let G bea graph and # a vertex of G. For k > 1, denote by pz the number 
of x-paths in G of length k and by q, the number of x-paths in G of length k& ending 
in a vertex of even degree. 


a) Show that py = qr—1 (mod 2). 
b) Deduce that: 
i) if G is even, then p, is even for all k > 1, 
ii) if G is odd, then px is even for all k > 2. 
(J.A. BoNDY AND F. HALBERSTAM) 


18.4.11 Let G be a graph and let f be a nonnegative integer-valued function on 
V. An f-tree of G is an f-factor which is a spanning tree of G. 


a) Suppose that d(v) — f(v) is odd for all v € V. Show that G has an even number 
of f-trees. (K.A. BERMAN) 
b) Let g be a nonnegative integer-valued function on V. Show that the number 
of decompositions of G into an f-tree and a g-tree is even. (K.A. BERMAN) 


18.4.12 


a) Let G be a path or cycle of length n. Show that the composition G[2K4] is 
decomposable into two cycles of length 2n. 

b) Deduce that if G admits a decomposition into Hamilton cycles, then G[2Kj] 
admits a decomposition into any list of even 2-factors F,, Fo,..., F, such that: 
> ye, e(Fi) = 4e(G), 
> each F; is isomorphic to a subgraph of G[2K4], 
> each subgraph of G[2A4] occurs as an F; an even number of times (possibly 

zero). 

c) Show that Kyn42\M & Kon+1[2K 1], where M is a perfect matching of Ky4n+2, 
and that Kanan = Kanan [2h]. 
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d) Deduce that each of the graphs in (c) admits a decomposition into any list 
F,, Fo,..., F, of even 2-factors satisfying the three conditions listed in (b). 
(R. HAGGKVIST) 


18.5 Hamilton Cycles in Random Graphs 


The graph Ky, ,%41 shows that the bound on the minimum degree required by 
Dirac’s Theorem cannot be reduced. This graph is, however, far from typical. For 
example, its stability number is k + 1, roughly half its order, whereas the stability 
number of a random graph G € G,, 1/2 is almost surely close to 2 log, n, just twice 
the logarithm of its order (see Exercise 13.2.11 and Theorem 13.9). We show here 
that a random graph need only have a very small average degree to be almost 
surely hamiltonian. The proof is due to Pésa (1976), and makes clever use of path 
exchanges. 


P6sa’s LEMMA 


As we have seen, the naive approach to finding a long path in a graph is to grow a 
maximal x-path P and consider the x-paths obtainable from P by means of path 
exchanges. If one of these is not maximal, then it can be extended to a longer x- 
path. The procedure may then be repeated. Although this approach fails badly on 
certain graphs, Pésa (1976) proved that it works remarkably well on most graphs. 
His argument hinges on the following result. 


Theorem 18.19 P06sa’s LEMMA 

Let «Py be a longest path in a graph G. Denote by P the set of all x-paths of G 
obtainable from P by path exchanges, by T the set of all terminal vertices of paths 
in P, and by T~ and T*, respectively, the sets of vertices immediately preceding 
and following the vertices of T on P. Define S := V \ (T[UT7~ UT). Then 
e(S,T) = 0. 


Proof Let ué€ S and v € T. By the definition of T, there exists a path eQv in 
P. If u € V(G) \ V(P), then u and v cannot be adjacent because Q is a longest 
path in G. So suppose that u € V(P). Then wu has the same neighbours on each 
path in P, because an elementary exchange that removed one of these neighbours 
would, at the same time, establish either it or u as an element of T, contradicting 
the definition of S. If u and v were adjacent, an elementary exchange applied to Q 
would yield a x-path terminating in a neighbour of u on P, a contradiction. Thus, 
in both cases, u and v are nonadjacent. 


We now apply Posa’s Lemma to show that the set T defined there is almost 
surely large when G is a random graph whose edge probability is sufficiently high. 


Corollary 18.20 Let G € Gn», where p = Ylogn/n, and let T be as defined in 
the statement of Pésa’s Lemma. Then P(|T| < |n/4]) <n. 
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Proof Suppose that |T| = k. Then |T~| < k and |T*| < k. By Theorem 18.19, 
there is therefore a subset S of V, disjoint from T, such that |S| > n—1— 3k 
and e(.5,T) = 0. The probability that G has a set of k vertices all of which are 
nonadjacent to a set of n — 1 — 3k vertices is at most (7)(1 — p)*("-1-*). Thus 
the probability that T has at most | := |n/4| — 1 vertices is at most 


u 


1 1 
S- (;) _ p)®(n-1-3k) < a nk e~Pk(m—1-3k) < ye neers 


k=1 k=1 


k=1 


Our goal is to show that a random graph in G,,,, where p = 10logn/n, is 
almost surely hamiltonian. We do so in two stages, establishing first of all that 
such a graph is almost surely traceable. 


Theorem 18.21 Let G € Gn», where p = Ylogn/n. Then G is almost surely 
traceable. 


Proof For v € V, the vertex-deleted subgraph G— v is a random graph on n— 1 
vertices with independent edge probability p. Let T,, be the set T as defined in the 
statement of Pésa’s Lemma, applied to this random graph G — v. We consider the 
following two events. 

> Ay: |Tu| < [(n—1)/4]. 

> By: |L,| > |(m —1)/4] and there exists a longest path in G which does not 

include v. 

By Corollary 18.20, P(A,) < n~!. On the other hand, if |T,| > |(n — 1)/4| and 
there is a longest path in G which does not include v, none of the longest paths 


in G — v which terminate in a vertex of T,, can be extended to include v, so v is 
nonadjacent to each vertex of T),. Thus 


PR) Sap 2 eae 


S-(P(Av) + P(By)) < n(P(Av) + P(By)) — 0 
vEV 


We conclude that almost surely every vertex of G lies on every longest path. But 
this implies that almost surely G is traceable. 


Theorem 18.22 Let G € Gn», where p = 10logn/n. Then G is almost surely 
hamiltonian. 


Proof Let H = G; UG», where G; € Gry, i = 1,2, with p) = 9logn/n and 
p2 = logn/n. Then H € Gn», where p = 10 (logn/n) — 9 (log n/n)?. It suffices to 
show that H is almost surely hamiltonian. 
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By Theorem 18.21, the random graph G is almost surely traceable. Let T) 
be the set T as defined in the statement of Pésa’s Lemma, applied to G;. By 
Corollary 18.20, almost surely |Ti| > |n/4]. Let wu be the initial vertex of the 
Hamilton paths in G, terminating in T;. The probability that u is joined in Gz to 
no vertex of T; is at most (1 — pz)!"/4!. Since 


(1 —p,)!m/4! < eP2I"/41 .0 asn— oo 


almost surely u is joined in Gz to at least one vertex of T), resulting in a Hamilton 
cycle in H = G, UG. 


Exercises 


18.5.1 Let G be a simple graph and let k and / be integers, where k > —1,1> 1 
and k < 1. Suppose that d(X) > 2|X|+ & for every nonempty set X of vertices 
such that |X| < [(l —k&+ 1)/3]. Show that G contains a path of length 1. 


ee 
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THE BRIDGE LEMMA 


We remarked in Section 18.2 that every 4-connected planar graph is hamiltonian. 
Tutte (1956) proved this theorem by establishing inductively the following stronger 
assertion concerning bridges in plane graphs. 

THE BRIDGE LEMMA 

Let G be a 2-connected plane graph, e an edge of G, C’ and C” the facial cycles of 
G which include e, and e’ any edge of C’. Then there is a cycle C in G including 
both e and e! such that: 


i) each bridge of C in G has either two or three vertices of attachment, 
it) each bridge of C in G that includes an edge of C’ or C” has exactly two vertices 
of attachment. 


A cycle satisfying the properties described in the Bridge Lemma is called a 
Tutte cycle. The Bridge Lemma implies not only Tutte’s theorem but also sev- 
eral other interesting results on cycles in planar graphs, including the truth of 
Fleischner’s Conjecture (18.18) for planar graphs. Refinements and variants of 
the Bridge Lemma were employed by Thomassen (1983b) to show that every 
4-connected planar graph is Hamilton-connected (see also Sanders (1997)), by 
Thomas and Yu (1994) to extend Tutte’s theorem to graphs embeddable on the 
projective plane, and by Chen and Yu (2002) to prove that every 3-connected pla- 
nar graph on n vertices has a cycle of length at least cn? for some positive constant 
c, where y = log 2/log3. (This bound is best possible in view of the constructive 
upper bound obtained by Moon and Moser (1963), see Exercise 18.2.3). 
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THE HOPPING LEMMA 


As Pésa’s Lemma (Theorem 18.19) illustrates, the approach of iterating path ex- 
changes can be highly effective. This technique was first employed, in the frame- 
work of cycles, by Woodall (1973), who proved the following theorem. 


THE HOPPING LEMMA 

Let G be a graph and C a longest cycle of G such that H := G—V(C) has as few 
components as possible. Suppose that some component of H is an isolated vertex 
x. Set Xo := {x} and Yo := N(a), and define recursively sets X;, Y;, i> 1, by 


ApS GUY, Ye) ond Y= NOG) 
Then X := US 9X; is a stable set and N(X) C V(C). 


As with the Bridge Lemma, there exist a number of variants and extensions of 
the Hopping Lemma. It was developed by Woodall (1973) in order to prove that a 
simple 2-connected graph G of minimum degree at least (n + 2)/3 is hamiltonian 
if d(X) > (n+|X|-—1)/3 for all subsets X of V with 2 < |X| < (n+1)/2. Jackson 
(1980) applied it to show that every 2-connected d-regular graph G with d > n/3 
is hamiltonian; see also Broersma et al. (1996). A variant of the Hopping Lemma 
was devised by Haggkvist and Thomassen (1982) in order to establish a theorem 
on cycles containing specified edges in k-connected graphs; see also Kawarabayashi 
(2002). 


LONG PATHS AND CYCLES 


As we have seen throughout this chapter, investigations into Hamilton cycles in- 
evitably lead to the study of long paths and cycles. For further information on 
this topic, we refer the reader to the surveys by Bondy (1995a), Broersma (2002), 
Ellingham (1996), and Gould (2003). 
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19.1 Coverings and Packings in Hypergraphs 


In Chapter 3, we introduced the notion of a covering of the edge set of a graph 
by subgraphs. One may of course consider other notions of covering, for instance 
covering the vertex set by subgraphs (see, for example, the extension of Theo- 
rem 18.10 noted at the end of Section 18.3). And, naturally, the same ideas apply 
equally well to directed graphs. The language of hypergraphs provides a convenient 
general setting in which to discuss these and related notions. 


504 19 Coverings and Packings in Directed Graphs 


COVERINGS AND DECOMPOSITIONS 


Let H := (V,F) be a hypergraph, with vertex set V and edge set F. A covering 
of H is a family of edges of H whose union is V. Let us look at some examples of 
coverings in this language. If F’ is the edge set of a graph G and C is the family 
of edge sets of its cycles, a covering of the hypergraph (£,C) is a simply a cycle 
covering of G. Likewise, if V is the vertex set of a digraph D and P is the family of 
vertex sets of its directed paths, a covering of the hypergraph (V,?) is a covering 
of the vertices of G by directed paths. 

Usually, the existence of a covering is evident, and the goal is to find a minimum 
covering, that is, one using as few edges as possible. For example, any 2-edge- 
connected graph G clearly has a covering of its edge set by cycles. The question 
of interest is how few cycles are needed to achieve such a covering? In terms of n, 
this number is |#(n — 1)]|, as was shown by Fan (2002). 

Exact coverings are called decompositions. More precisely, a decomposition of 
a hypergraph is a covering by pairwise disjoint edges. In contrast to coverings, 
the existence of a decomposition often requires much stronger assumptions. For 
instance, although every graph without cut edges has a cycle covering, only even 
graphs admit cycle decompositions. Such questions can be very challenging. For 
instance, the problem of deciding whether a 3-uniform hypergraph admits a de- 
composition is “P-hard (see Garey and Johnson (1979)). 


PACKINGS AND TRANSVERSALS 


Let us now turn to the related notion of packing. A packing of a hypergraph 
H := (V,F) is a set of pairwise disjoint edges of H. (Note that decompositions 
are both packings and coverings.) Whereas every hypergraph clearly has a packing 
(by the empty set), the objects of interest here are maximum packings, that is, 
packings with as many edges as possible. The Maximum Matching Problem (16.1) 
is perhaps the most basic nontrivial instance of such a problem, the hypergraph 
HT being just the graph G. 

Hand in hand with the concept of a packing goes that of a transversal. A 
transversal of a hypergraph H := (V,F) is a subset X of V which intersects each 
edge of H. For example, if the vertex set of H is the edge set of a graph G and 
its edges are the edge sets of the cycles of G, a transversal of H is a subset S' of 
E such that G\ S is acyclic; in a digraph, such a subset is called a feedback arc 
set. (Transversals are sometimes referred to as vertex coverings — indeed, this is 
standard practice in matching theory — but we prefer to use the term ‘transversal’ 
here in order to avoid confusion with the notion of hypergraph covering.) Every 
hypergraph H := (V,F) clearly has a transversal, namely V; it is the minimum 
transversals that are of primary interest. 


Min—MAxX ‘THEOREMS 


We denote by v(H) the number of edges in a maximum packing of H, and by 
T(H) the number of vertices in a minimum transversal. These two parameters are 
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related by a simple inequality (Exercise 19.1.1): 


v(H) < r(H) 
A family 1 of hypergraphs is said to satisfy the Min—Maz Property if equality 
holds in the above inequality for each member H of H, and the assertion of such 
an equality is called a min-max theorem. Menger’s Theorems (7.16, 9.1, 9.7, and 
9.8) are important examples of min-max theorems. Such theorems are particu- 
larly interesting from an algorithmic standpoint, because they provide succinct 
certificates of the optimality of the relevant packings and transversals. 


THE ErDOs—P6OSA PROPERTY 


Most families of hypergraphs do not satisfy the Min—Max Property. Nevertheless, 
it is still of interest in such cases to find an upper bound on 7 in terms of vy, if 
there is one. A prototypical example is provided by the following theorem of Erdés 
and Pésa (1965). 


Theorem 19.1 THE ERp6s—P6sA THEOREM 
For any positive integer k, a graph either contains k disjoint cycles or else has a 
set of at most 4k logk vertices whose deletion destroys all cycles. 


Here, the vertex set of the hypergraph H is the vertex set of the graph and its 
edges are the vertex sets of the cycles of the graph. (The case k = 2 is the topic 
of Exercise 9.4.10). In terms of the parameters v and 7, the Erdés—Pésa Theorem 
states that 

7(H) < f(v(H)) (19.1) 


where f(k) := 4k log k. 

It was shown by Robertson and Seymour (1986) that, for fixed k, this theorem 
yields a linear-time algorithm for deciding whether an input graph G has a family 
of k disjoint cycles. For if G does not contain k disjoint cycles, there is a set 
of at most 4klogk vertices whose deletion results in a forest. Now forests have 
tree-width at most two (according to the definition given in Section 9.8), and it 
follows easily that G has tree-width at most 4k log & + 2, a constant. As noted in 
Section 9.8, many NP-hard problems become easy when restricted to graphs of 
bounded tree-width, and this is the case with the search for k disjoint cycles. 

In general, a family 1 of hypergraphs is said to satisfy the Erdés—Posa Property 
if there is a function f satisfying (19.1) for all H € H. Erdés and Pésa showed 
that the hypergraphs whose edges are the edge sets of cycles of graphs have this 
property also. An example of a simple family of hypergraphs which fails to satisfy 
the Erdés—Pésa Property is given in Exercise 19.1.3. 

Recall that a clutter is a hypergraph no edge of which is contained in another. 
Let H = (V,F) be a clutter, and let T denote the set of all minimal transversals of 
H. The hypergraph (V,7) is denoted by H+ and called the blocker of H. (Blockers 
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are also known as transversal hypergraphs or Menger duals.) It may be shown that 
(H+)+ = H for every clutter H (Exercise 19.1.4). 

The blocker of a hypergraph H satisfies the Min—Max Property if the size of 
a maximum packing of transversals of H is equal to the size of a smallest edge of 
H. If a hypergraph satisfies the Min—Max Property, it is not necessarily true that 
its blocker also satisfies this property (Exercise 19.1.5). However, there are many 
interesting hypergraphs associated with graphs for which this is so. Consider, for 
example, the hypergraph whose edges are the arc sets of the directed (a, y)-paths 
ina digraph D(a, y). Not only does this hypergraph satisfy the Min—Max Property, 
as is shown by Menger’s Theorem, but its blocker does too (Exercise 19.1.6). A 
number of other such examples are described by Woodall (1978). 

In this chapter, we discuss four theorems on coverings and packings in digraphs, 
three of which are min-max theorems. These theorems concern directed paths, 
directed cycles, branchings, and directed bonds. 


Exercises 


*19.1.1 Show that v(H) < 7(#) for any hypergraph H. 
19.1.2 Show that the family of all graphs has the Erdés-Pésa Property. 


19.1.3 Let G be a graph which can be embedded on the projective plane so that 
each face is bounded by an even cycle. (One such graph is obtained from a planar 
grid by identifying antipodal points on its boundary.) 


a) Show that any two odd cycles of G intersect. 
b) Construct a family of hypergraphs (based on graphs of the type defined above) 
which does not have the Erdds-Pdésa Property. 


19.1.4 Let H = (V,F) be a clutter. Show that (H+)+ = H. 


19.1.5 Consider the graph G shown in Figure 19.1. Let H be the hypergraph whose 
vertex set is E(G) and whose edges are the edge sets of the x1 y1- and x2y2-paths in 
G. Show that H has the Min—Max Property, but not its blocker. (More generally, 
it was shown by Rothschild and Whinston (1966) that if G is any eulerian graph 
with four distinguished vertices 71, y1, 72, and y2, then the hypergraph H defined 
above has the Min—Max Property.) 


19.1.6 Let D := D(a, y) be a digraph. Show that the length of a shortest directed 
(a, y)-path in D is equal to the size of a maximum packing of outcuts separating 
y from x. 


19.1.7 Let G be a bipartite graph, and let H be the hypergraph whose vertex set 
is the edge set of G and whose edges are the trivial edge cuts of G. By quoting 
appropriate results from Chapter 16, show that both H and H+ have the Min-Max 
Property. 
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Ly 2 


Y2 YL 


Fig. 19.1. The x1y1- and x2yo-paths define a hypergraph with the Min—Max Property 
(Exercise 19.1.5) 


19.2 Coverings by Directed Paths 


THE GALLAI-~MILGRAM THEOREM 


Rédei’s Theorem (2.3) tells us that every tournament has a directed Hamilton 
path. In other words, the vertex set of a tournament can be covered by a single 
directed path. In general, one may ask how few disjoint directed paths are needed 
to cover the vertex set of a digraph. Gallai and Milgram (1960) showed that this 
number is always bounded above by the stability number of the digraph, that is, 
the number of vertices in a largest stable set. The stability number of a digraph 
D is denoted by a(D). 

We refer to a covering of the vertex set of a graph or digraph by disjoint paths 
or directed paths as a path partition, and one with the fewest paths as an optimal 
path partition. The number of paths in an optimal path partition of a digraph D 
is denoted by a(D). 


Theorem 19.2 THE GALLAI-MILGRAM THEOREM 
For any digraph D, 7 < a. 


Gallai and Milgram (1960) actually proved a somewhat stronger theorem. A 
directed path P and a stable set S' are said to be orthogonal if they have exactly one 
common vertex. By extension, a path partition P and stable set S are orthogonal 
if each path in P is orthogonal to S. 


Theorem 19.3 Let P be an optimal path partition of a digraph D. Then there is 
a stable set S in D which is orthogonal to P. 


Note that the Gallai-Milgram Theorem is an immediate consequence of The- 
orem 19.3 because 1 = |P| < |S| < a. Theorem 19.3 is established by means of 
an inductive argument involving the sets of initial and terminal vertices of the 
constituent paths of a path partition. For a path partition P, we denote these sets 
by i(P) and t(P), respectively. 


Lemma 19.4 Let P be a path partition of a digraph D. Suppose that no stable 
set of D is orthogonal to P. Then there is a path partition QO of D such that 
|Q| =|P| —1, (Q) CUP), and t(Q) C t(P). 
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Proof The case n = 1 holds vacuously, so we assume that n > 2 and proceed 
by induction on n. By hypothesis, t(P) is not a stable set, so there exist vertices 
y,z € t(P) such that (y,z) € A. If the vertex z constitutes, by itself, a (trivial) 
path of P, then we define Q to be the path partition of D obtained from P by 
deleting this path and extending the path of P that terminates in y by the arc 


(y, 2) (Figure 19.2). 


Fig. 19.2. Proof of Lemma 19.4: extending a path 


Thus we may assume that z is the terminal vertex of a nontrivial path P € P. 
Let x be its predecessor on P, and set D’ := D—z, P’ := P—z, and P’ := 
(P \ {P}) UP’, the restriction of P to D’ (Figure 19.3). Then there is no stable 


set in D’ orthogonal to P’, because such a stable set would also be a stable set in 
D orthogonal to P, contrary to the hypothesis. Note also that 


t(P’) = ((P)\ {z})U {x} and i(P’) = i(P) 


P Pp! 


Fig. 19.3. Proof of Lemma 19.4: deleting a vertex 
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By the induction hypothesis, there is a path partition Q’ of D’ such that 
|O’| = |P’| — 1, i(Q') C i(P’) and t(Q’) Cc t(P’). If x € t(Q’), we define Q to 
be the path partition of D obtained from Q’ by extending the path of Q’ that 
terminates in x by the arc (a, z) (Figure 19.4). Ifa ¢ t(Q’), then y € t(Q’), and we 
define Q to be the path partition of D obtained from Q’ by extending the path of 
QO’ that terminates in y by the arc (y, z). In both cases, |Q| = |P|—1, 7(Q) C i(P), 
and t(Q) C t(P). 


P’ P 
Fig. 19.4. Proof of Lemma 19.4: reinserting the deleted vertex 


The inductive proof of Lemma 19.4 gives rise to a polynomial-time recursive 
algorithm for finding a path partition P of a digraph D, and a stable set S in D 
orthogonal to P, of the same cardinality (Exercise 19.2.1). 

The Gallai-Milgram Theorem ( 19.2) can be viewed as a formula for the sta- 
bility number of an undirected graph in terms of path partitions of its orientations 
(Exercise 19.2.2). Moreover, it implies the following celebrated theorem of Dilworth 
(1950) on partially ordered sets. 


Theorem 19.5 DILWORTH’S THEOREM 
The minimum number of chains into which the elements of a partially ordered set 
P can be partitioned is equal to the maximum number of elements in an antichain 


of P. 


Proof Let P :=(X,~<), and denote by D := D(P) the digraph whose vertex set 
is X and whose arcs are the ordered pairs (u,v) such that wu ~ v in P. Chains and 
antichains in P correspond in D to directed paths and stable sets, respectively. 
Because no two elements in an antichain of P can belong to a common chain, the 
minimum number of chains in a chain partition is at least as large as the maximum 
number of elements in an antichain; that is, 7 > a. On the other hand, by the 
Gallai—Milgram Theorem, 7 < a. Therefore 7 = a. 
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BERGE’S PATH PARTITION CONJECTURE 


The Gallai-Roy and Gallai-Milgram Theorems (14.5 and 19.2) bear a striking 
formal resemblance. By interchanging the roles of stable sets and directed paths, 
one theorem is transformed into the other: directed paths become stable sets, and 
vertex colourings (which are partitions into stable sets) become path partitions. 
This correspondence does not, however, extend to the stronger versions of these 
theorems in terms of orthogonality. Although the proof of the Gallai-Roy Theorem 
shows that there exists in any digraph some colouring C and some directed path 
P which are orthogonal (meaning that P is orthogonal to every colour class of 
C), it is not true that every minimum colouring is orthogonal to some directed 
path (Exercise 19.2.3). Nonetheless, a possible common generalization of the two 
theorems was proposed by Linial (1981) (see Exercise 19.2.4) and conjectured in 
a stronger form by Berge (1982). 

Let k be a positive integer. A path partition P is k-optimal if it minimizes the 
function )>{min{u(P),k}: P € P}, and a partial k-colouring of a graph or digraph 
is a family of k disjoint stable sets. In particular, a 1-optimal path partition is one 
that is optimal, and a partial 1-colouring is simply a stable set. 

The concept of orthogonality of paths and stable sets is extended as follows. 
A path partition P and partial k-colouring C are orthogonal if every directed path 
P € P meets min{v(P),k} different colour classes of C. We can now state the 
conjecture proposed by Berge. 


THE PATH PARTITION CONJECTURE 


Conjecture 19.6 Let D be a digraph, k a positive integer, and P a k-optimal 
path partition of D. Then there is a partial k-colouring of D which is orthog- 
onal to P. 


The Path Partition Conjecture has been proved for k = 1 by Linial (1978) 
and for k = 2 by Berger and Hartman (2007). It has also been established for 
acyclic digraphs, by Aharoni et al. (1985) and Cameron (1986), and for digraphs 
containing no directed path with more than k vertices, by Berge (1982) We refer 
the reader to the survey by Hartman (2006) for a full discussion of this conjecture 


and of related questions. 


Exercises 


19.2.1 Describe a polynomial-time recursive algorithm for finding in a digraph D 
a path partition P and a stable set S, orthogonal to P, such that |P| = |S]. 
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19.2.2 Let G be an undirected graph. Show that 
a(G) = max {7(D) : D an orientation of G} 
(Compare with Exercise 14.1.17.) 


19.2.3 


a) A directed path P and colouring C of a digraph are orthogonalif P is orthogonal 
to every colour class of C. Show that, in any digraph, there exists a directed 
path P and a colouring C which are orthogonal. 

b) By considering an appropriate orientation of a 5-cycle, show that there does 
not necessarily exist a directed path P which is orthogonal to every minimum 
colouring. (K. CAMERON) 


19.2.4 LINIAL’S CONJECTURE 

A partial k-colouring C of a digraph D is optimal if the number of coloured vertices, 
dcec |C], is as large as possible. Let P be a k-optimal path partition and C an 
optimal k-colouring of a digraph D. Define 


Tre(D) := ‘Ss min{u(P),k} and a,(D):= ye IC} 


PEP Cec 


(In particular, 7; = 7, the number of paths in an optimal path partition of D, 
and a, = a.) Linial’s Conjecture asserts that 7, < a, for all digraphs D and 
all positive integers k. Deduce Linial’s Conjecture from Berge’s Path Partition 
Conjecture (19.6). 


ee 


19.2.5 Consider the Ramsey graph G := R(5,3) (the complement of the graph 
shown in Figure 12.8c). 


a) Show that G has r(5,2) = 5 pairwise disjoint stable sets of cardinality two. 
b) Deduce that G has a proper 8-colouring c: V — {1,2,3,4,5,6, 7, 8}. 
c) Consider the digraph D formed by orienting edge wv of G from wu to v whenever 
c(u) < c(v). Show that: 
i) D has a partition into two directed paths, 
ii) a(D — P) = a(D), for every directed path P of D. 
(G. HAHN AND B. JACKSON) 


19.2.6 Show that every oriented graph D contains a family of disjoint directed 
paths, each of length at least one, which together include all vertices of D of 
maximum degree A. (V.G. VIZING) 
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19.3 Coverings by Directed Cycles 


Just as the Gallai-Milgram Theorem extends Rédei’s Theorem to all digraphs, 
there is a natural extension of Camion’s Theorem to all strong digraphs. Let us 
first recall the statement of this theorem (see the inset on Induction in Section 2.2, 
and Exercise 3.4.12a). 


Theorem 19.7 CAMION’S THEOREM 
Every nontrivial strong tournament has a directed Hamilton cycle. 


A moment’s reflection shows that one cannot hope to partition the vertices of 
every strong digraph into directed cycles. On the other hand, because each vertex 
of a strong digraph lies in some directed cycle, the entire vertex set can certainly be 
covered by directed cycles. Gallai (1964b) made a conjecture regarding the number 
of cycles needed for such a covering. 


Conjecture 19.8 GALLAI’S CONJECTURE 
The vertex set of any nontrivial strong digraph D can be covered by a directed 
cycles. 


Gallai’s Conjecture remained unresolved for several decades, but was eventually 
confirmed by Bessy and Thomassé (2004). A key idea in their proof is the concept 
of a coherent cyclic order of the vertices of a digraph. 


COHERENT CYCLIC ORDERS 


Let D = (V,A) be a digraph. By a cyclic order of D we mean a cyclic order 
O := (v1, 02,---,Un, U1) of its vertex set V. Given such an order O, each directed 
cycle of D can be thought of as winding around O a certain number of times. In 
order to make this notion precise, we define the length of an arc (v;,v,;) of D (with 
respect to O) to be j —iifi < j andn+j-—iifi > 7. Informally, the length 
of an arc is just the length of the segment of O ‘jumped’ by the arc. If C is a 
directed cycle of D, the sum of the lengths of its arcs is a certain multiple of n. 
This multiple is called the index of C (with respect to O), and denoted i(C). By 
extension, the index of a family C of directed cycles, denoted i(C), is the sum of 
the indices of its constituent cycles. Consider, for example, the orientation of the 
Petersen graph shown in Figure 19.5a. With respect to the cyclic order shown in 
Figure 19.5b, the directed cycle (1,2,3,4,5,6,7,8,9,1) is of index two. 

A directed cycle of index one is called a simple cycle. If every arc lies in such 
a cycle, the cyclic order is coherent. The cyclic order shown in Figure 19.5b is not 
coherent because the arc (4,10) lies in no simple cycle; on the other hand, the 
cyclic order of Figure 19.6a is coherent. 

Bessy and Thomassé (2004) showed that every strong digraph admits a coher- 
ent cyclic order. It follows that a digraph admits a coherent cyclic order if and 
only if each of its arcs lies in a directed cycle or, equivalently, if and only if each 
of its connected components is strong. We deduce this fact from a result of Knuth 
(1974), established in Chapter 5 — the two theorems are, in fact, equivalent. They 
have several significant implications. 
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Fig. 19.6. (a) A coherent cyclic order, and (b) an index-bounded weighting 


Theorem 19.9 Every strong digraph admits a coherent cyclic order. 


Proof Let D be a strong digraph. By Theorem 5.14, D has a coherent feedback 
arc set S. Since D \ S is acyclic, the vertices of D may be ordered as 1, V2,.--, Un; 
so that every arc not in S joins some vertex v; to a vertex v; with 7 > i (Ex- 
ercise 2.1.11). Every fundamental cycle of D with respect to S contains exactly 
one arc (v;,v;) with i > 7, namely its unique arc of S. With respect to the cyclic 
order (01, V2,.--,Un, V1), these fundamental cycles are therefore simple. Because $ 
is coherent, we deduce that the cyclic order (v1, v2,...,Un,U1) is coherent. 


Observe that in a coherent cyclic order of a strong tournament, each vertex 
is adjacent to its successor, and thus dominates it. The cyclic order therefore 
determines a directed Hamilton cycle, and we obtain Camion’s Theorem as an 
immediate corollary of Theorem 19.9. 
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THE BESSY-THOMASSE THEOREM 


Bessy and Thomassé (2004) established Gallai’s Conjecture by proving a stronger 
result, namely a min-max theorem relating a cyclic analogue of the stability num- 
ber to the minimum index of a cycle covering. They did so by using Theorem 19.9 
in conjunction with Dilworth’s Theorem (19.5). Here, we present a closely related 
min—max theorem, establishing it by applying the linear programming proof tech- 
nique described in Section 8.6. 

A weighting of the vertices of a digraph D is a function w: V — N. We refer to 
w(v) as the weight of vertex v. By extension, the weight w(H) of a subgraph H of 
D is the sum of the weights of its vertices. If D is equipped with a cyclic order O, 
and if w(C) < i(C) for every directed cycle C of D, we say that the weighting w 
is index-bounded (with respect to O). It can be checked that the (0, 1)-weighting 
indicated in Figure 19.6b is index-bounded. Observe that for any cycle covering C 
of D and any index-bounded weighting w, 


i(C) > $5 w(C) > w(D) (19.2) 
Cec 


Bondy and Charbit (2004) (see, also, Charbit (2005)) showed that equality holds 
in (19.2) for some cycle covering C and some index-bounded weighting w. 


Theorem 19.10 Let D be a digraph each of whose vertices lies in a directed cycle, 
and let O be a cyclic order of D. Then: 


min i(C) = max w(D) (19.3) 


where the minimum is taken over all cycle coverings C of D and the maximum 
over all indez-bounded weightings w of D. 


In order to deduce Gallai’s Conjecture from Theorem 19.10, it suffices to apply 
it to a coherent cyclic order O of D and observe that: 


> for every family C of directed cycles of D, we have |C| < i(C), 

> because each vertex lies in a directed cycle and O is coherent, each vertex lies in 
a simple cycle, so an index-bounded weighting of D is necessarily (0, 1)-valued, 

> because each arc lies in a simple cycle, in an index-bounded weighting w no 
arc can join two vertices of weight one, so the support of w is a stable set, and 
w(D) < a(D). 


These observations yield the theorem of Bessy and Thomassé (2004). 


Theorem 19.11 The vertex set of any nontrivial strong digraph D can be covered 
by a directed cycles. 


Proof of Theorem 19.10 Let D be a strict digraph, with vertex set V = 
{v1,..., Un} and arc set A = {a1,..., Gm}. It suffices to show that equality holds 
in (19.2) for some cycle covering C and some index-bounded weighting w. 
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An arc (v;,v;) is called a forward arc of D if i < j, and a reverse arc if j < i. 
Consider the matrix 
oe |. 
“TN 


where M = (mj,;) is the incidence matrix of D and N = (n,;) is the n x m matrix 
defined by: 


 _ J 1 if vw; is the tail of a; 
"3 ~) 0 otherwise 


We know that M is totally unimodular (Exercise 1.5.7). Let us show that Q is 
totally unimodular also. Consider the matrix Q obtained from Q by subtracting 
each row of N from the corresponding row of M. Each column of Q contains one 
1 and one —1, the remaining entries being 0. It follows easily by induction on k 
that every & x k submatrix of Q has determinant 1, —1 or 0 (Exercise 19.3.2). 
Thus Q is totally unimodular. Because Q was derived from Q by elementary row 
operations, the matrix Q is totally unimodular too. 

We now define vectors b = (b1,..., ban) and c = (c1,..-, Cm) as follows. 


— 0 ifl<i<n 
‘" 1 1 otherwise 
{ 1 if a; is a reverse arc 
Cy = 


0 otherwise 


Before proceeding with the proof, let us make two observations: 


> Ifx:= fc is the circulation associated with a directed cycle C, then cx = i(C), 
the index of C. 

> IfNx > 1, where x := {yc fo : C € C} isa linear combination of circulations 
associated with a family C of directed cycles of D, then C is a covering of D. 


Consider the LP: 
minimize Cx 
subject to Qx >b (19.4) 
x >0 


The system of constraints Qx > b is equivalent to the two systems Mx > 0 and 
Nx > 1, where 0 and 1 are vectors of 0s and 1s, respectively. Because the rows of M 
sum to 0, the rows of Mx sum to 0, which implies that Mx = 0. Thus every feasible 
solution to (19.4) is a nonnegative circulation in D, hence, by Proposition 7.14, a 
nonnegative linear combination }*> yc fo of circulations associated with directed 
cycles of D. Moreover, because Nx > 1, the cycles of positive weight in this 
sum form a covering of D. Conversely, every cycle covering of D yields a feasible 
solution to (19.4). The LP (19.4) is feasible because, by assumption, D has at 
least one cycle covering, and it is bounded because c is nonnegative. Thus (19.4) 
has an optimal solution. Indeed, by Theorem 8.28, (19.4) has an integral optimal 
solution, because Q is totally unimodular and the constraints are integral. This 
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solution corresponds to a cycle covering C of minimum index, the optimal value 
being its index 7(C). 

We now study the dual of (19.4): 


maximize yb 


subject to yQ<c (19.5) 
y20 
Let us write y := (21,..-,2n,;W1,---,Wn). Then (19.5) is the problem of maxi- 


mizing )>;"_, w; subject to the constraints: 


1 if aj := (v;, Up) is a reverse arc 
0 if a; is a forward arc 


a-atus{ 


Consider an integral optimal solution to (19.5). If we sum the above constraints 
over the arc set of a directed cycle C' of D, we obtain the inequality 


viEV(C) 


In other words, the function w defined by w(v;) := wi, 1 < i <n, is an index- 
bounded weighting, and the optimal value is the weight w(D) of D. By linear 
programming duality (Theorem 8.27), we have i(C) = w(D). 


An alternative proof of Theorem 19.11 based on network flows, as well as a 
variety of extensions and generalizations, are described in Sebd (2007). A fast 
algorithm for finding coherent cyclic orders can be found in Iwata and Matsuda 
(2007). 


CYCLE COVERINGS AND EAR DECOMPOSITIONS 


The Bessy-Thomassé Theorem shows that any nontrivial strong digraph D has a 
spanning subdigraph which is the union of a directed cycles. However, the structure 
of this subdigraph might be rather complicated. This leads one to ask whether 
there always exists a spanning subdigraph whose structure is relatively simple, 
one which is easily seen to be the union of a directed cycles. A natural candidate 
would be a spanning subdigraph built from a directed cycle by adding a — 1 
directed ears. Such a digraph is readily seen to be the union of a directed cycles 
(Exercise 19.3.3). Unfortunately, not every strong digraph has such a spanning 
subdigraph, as is illustrated by the example shown in Figure 19.7. This digraph 
has stability number two but has no strong ear decomposition with fewer than 
two directed ears. It can be extended in a straightforward manner to an example 
with stability number a requiring at least 2a — 2 directed ears, for any a > 2 
(Exercise 19.3.4). 

A possible way around this problem is to allow spanning subdigraphs which 
are disconnected but whose components are strong. Each component then has a 
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= 


Fig. 19.7. A digraph with stability number two, but which has no strong ear decompo- 
sition with just one ear 


strong ear decomposition, and the number of directed cycles needed to cover the 
subdigraph is simply the sum of the numbers required for its components. We call 
such a spanning subdigraph cyclic, because each arc lies on a directed cycle. The 
following conjecture was formulated by Bondy (1995b), based on a remark of Chen 
and Manalastas (1983). 


Conjecture 19.12 Let D be a digraph all of whose strong components are non- 
trivial. Then D contains a cyclic spanning subdigraph with cyclomatic number at 
most a. 


Conjecture 19.12 holds for a = 1 by Camion’s Theorem (19.7) and also for 
a = 2 and a = 3 by theorems of Chen and Manalastas (1983) and S. Thomassé 
(unpublished), respectively. In addition, it implies not only the Bessy-Thomassé 
Theorem, but also a result of Thomassé (2001), that the vertex set of any strong 
digraph D with a > 2 can be partitioned into a — 1 directed paths, as well as 
another theorem of Bessy and Thomassé (2003), that every strong digraph D has 


a strong spanning subdigraph with at most n + 2a — 2 arcs (Exercise 19.3.5). 


Exercises 


19.3.1 Describe a polynomial-time algorithm for finding a coherent cyclic order of 
a strong digraph. 


*19.3.2 Prove that the matrix Q defined in the proof of Theorem 19.10 is totally 
unimodular. 


19.3.3 Let D be a digraph obtained from a directed cycle by adding k& — 1 directed 
ears. Show that D is a union of k directed cycles. 


ee 


19.3.4 Consider the digraph of Figure 19.7. 


a) Show that this digraph has no strong spanning subdigraph of cyclomatic num- 
ber less than three. 
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b) For all a > 2, extend this example to a strong digraph D having no strong 
spanning subdigraph of cyclomatic number less than 2a—1. (O. FAVARON) 


19.3.5 Let D be a strong digraph which has a cyclic spanning subdigraph of 
cyclomatic number a. Show that: 


a) if wa > 2, the vertex set of D can be partitioned into a — 1 directed paths, 
b) D has a strong spanning subdigraph with at most n + 2a — 2 arcs. 
(S. BEssy AND S. THOMASSE) 


19.4 Packings of Branchings 


EDMONDS’ BRANCHING THEOREM 


Recall that an «-branching is an oriented tree in which each vertex has indegree one, 
apart from the root x, which is a source. We consider here the problem of packing 
x-branchings in a digraph D := D(x). A necessary condition for the existence of k 
arc-disjoint spanning v-branchings in D is that dt(X) > k for every proper subset 
X of V that includes x, because each of the & branchings must include a separate 
arc of 0*(X). This condition is sufficient when k = 1 (Exercise 4.2.9). Indeed, as 
Edmonds (1973) showed, it is sufficient for all k. The proof of Edmonds’ theorem 
given below is due to Lovadsz (1976). It leads to a polynomial-time algorithm for 
finding such a family of branchings. 


Theorem 19.13. EDMONDS’ BRANCHING THEOREM 
A digraph D := D(x) has k arc-disjoint spanning x-branchings if and only if 


d*(X)>k, forall X CV witha eX (19.6) 


Proof As remarked above, the necessity of condition (19.6) is clear. We establish 
its sufficiency by induction on k. Having already noted its validity for k = 1, we 
may suppose that k > 2. Let us call an «-branching with arc set S removable if 


dt. (X)>k—-1, forall X CVwithxne X (19.7) 


ao 
D\S 
Our aim is to show that D has a removable spanning x-branching. The theo- 
rem will then follow by induction. We construct such a branching by means of 
a tree-search algorithm, ensuring that at each stage the current x-branching is 
removable. Observe that the trivial 2-branching, consisting only of the root 2, is 
clearly removable. 

Assume that we have already constructed a removable z-branching B, with 
vertex set Z and arc set S. If B is spanning, there is nothing more to prove. If 
not, consider an arc a := (u,v) in the outcut 0*(Z). Suppose that the branching 
obtained by adjoining the vertex v and arc a to B is not removable, in other 
words that Tay su (ay) (X ) < k—1 for some proper subset X of V that contains 
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Fig. 19.8. 


x. Because B is removable, diy g(X) > k—1. We deduce that a € 0*(X) and 


di g(X) = k—1 (see Figure 19.8a). 


Noting that v ¢ X U Z, we see that the set X has the following properties. 


rEX, XUZCYV, dt 


Fai Seai 


Let us call such a set X a critical set, and its outcut 0*(X) a critical cut. In order 
to grow B, it suffices to find an are in 0*(Z) which lies in no critical cut. 
Consider a maximal critical set X. Because X is critical, diy g(X) =k—-1.On 
the other hand, by (19.6), d*(X U Z) > k. Because no arc of B lies in the outcut 
0*(X UZ), we have diy g(X UZ) > k, so the outcut 0*(Z \ X) contains an arc 
b := (z,w) (see Figure 19.8b). We claim that this arc b belongs to no critical cut. 
Suppose, to the contrary, that b lies in a critical cut 0*(Y). By Exercise 2.5.4c, 


(k—1) + (k—-1) = d}\ 5(X) + diy 6(Y) 


> diy g(X UY) + dy g(X NY) > (kK-1) + (K-1) 


implying, in particular, that dt g(XUY) = k—1. Noting now that w ¢ XUYUZ, 
we see that the set X UY is critical. But this contradicts the maximality of the 
critical set X. We conclude that the removable x-branching B can be grown by 
adjoining the vertex w and the arc b, as claimed. 


An arc by which a removable x-branching B can be grown may be found in 
polynomial time by means of the Max-Flow Min-Cut Algorithm. This observation 
leads to a polynomial-time algorithm for finding a maximum family of arc-disjoint 
x-branchings in a digraph D(a) (Exercise 19.4.2). An undirected analogue of The- 
orem 19.13 is discussed in Section 21.4. 
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Exercises 


19.4.1 


a) Let D := D(z, y) be a digraph. Construct a new digraph D’ from D by adding 
t arcs from y to each v € V \ {x,y}. Show that D’ has k arc-disjoint spanning 
x-branchings if and only if D has k arc-disjoint directed (x, y)-paths, provided 
that ¢ is sufficiently large. 

b) Deduce the arc version of Menger’s Theorem (Theorem 7.16) from Edmonds’ 
Branching Theorem. 


19.4.2 Describe a polynomial-time algorithm for finding a maximum collection of 
arc-disjoint spanning x-branchings in a digraph D(z). 


19.4.3 Suppose that we have k roots, 71, %2,..., 2, and we wish to find k pairwise 
arc-disjoint spanning branchings B,, Bj,...,B,, such that B; is rooted at x;, 1 < 
i < k. Solve this problem by reducing it to the arc-disjoint spanning branching 
problem (with a single root). 


ee 


*19.4.4 A branching forest in a digraph D is a subdigraph of D each component 
of which is a branching. Show that the arc set of a digraph D can be decomposed 
into & branching forests if and only if: 


i) d-(v) <k for allu eV, 
ii) a(X) < k(|X| —1) for all nonempty subsets X of V. (A. FRANK) 


19.5 Packings of Directed Cycles and Directed Bonds 


We noted in Section 19.1 that whereas packings of cycles in undirected graphs 
do not satisfy the Min—Max Property, they do satisfy the weaker Erdés—Pésa 
Property (both for vertex packings and for edge packings). A similar situation 
pertains to digraphs. It was conjectured by Gallai (1968c) and Younger (1973), and 
proved by Reed et al. (1996), that directed cycles in digraphs enjoy the Erdés—Pésa 
Property (again with regard to both vertices and arcs). But again, as noted below, 
they do not satisfy the Min-Max Property. Even when one restricts attention to 
planar digraphs, the Min—Max Property fails to hold for vertex packings of cycles 
(Exercise 19.5.9a). On the other hand, as we now prove, there does exist a min-max 
theorem for arc packings of directed cycles in planar digraphs. 


Theorem 19.14 In any planar digraph, the maximum number of arc-disjoint di- 
rected cycles is equal to the minimum number of arcs which meet all directed cycles. 


Planarity is crucial here: Theorem 19.14 does not extend to all digraphs. Con- 
sider, for example, the orientation of K’3 3 shown in Figure 19.9. In this digraph, 
any two directed cycles have an arc in common, but no single arc lies in every 
directed cycle. 
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Fig. 19.9. A digraph with vy = 1 andr = 2 


DIRECTED BONDS AND CUTS 


Recall that a directed bond is a bond 0(X) such that 07 (X) = @ (so that O(X) is 
an outcut 0+(X)) and that a connected digraph has no directed bond if and only 
if it is strong (Exercise 2.5.7b). The more general notion of a directed cut is defined 
similarly. Note that every directed cut can be decomposed into directed bonds. 

Corresponding to any statement concerning directed cycles in a plane digraph 
there is one concerning directed bonds in its dual (see Section 10.2). Thus Theo- 
rem 19.14 can be restated as follows. 


Theorem 19.15 In any planar directed graph, the maximum number of arc- 
disjoint directed bonds is equal to the minimum number of arcs which meet all 
directed bonds. 


We have seen that the hypothesis of planarity in Theorem 19.14 cannot be 
dropped. Remarkably, its dual, Theorem 19.15, does extend to all directed graphs, 
as was conjectured by N. Robertson (unpublished) and Younger (1965), and proved 
by Lucchesi and Younger (1978). The proof that we give here is due to Lovasz 
(1976). 


THE LUCCHESI- YOUNGER THEOREM 


The notion of a 2-packing of directed bonds plays a key role in Lovasz’s proof. 
A family C of directed bonds in a digraph D is a 2-packing if no arc appears in 
more than two of its members. One way of obtaining a 2-packing is simply to take 
two copies of each member of a packing. This observation shows that the size of 
a maximum 2-packing of directed bonds is at least twice the size of a maximum 
packing. Rather surprisingly, one cannot do better. 


Proposition 19.16 In any digraph, the size of a maximum 2-packing of directed 
bonds is equal to twice the size of a maximum packing of directed bonds. 


Proof To establish the required equality, it is enough to show that any 2-packing 

B of directed bonds contains a packing consisting of at least half its members. 
Recall that subsets X and Y of V cross if XNY, X\Y,Y\X, and V\(XUY) 

are all nonempty. As with edge cuts (see Section 9.3), we say that two directed 
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cuts 0+(X) and 0*(Y) cross if the sets X and Y cross. The first step is to show 
that the members of B may be assumed to be pairwise noncrossing. 

Suppose that B contains two directed bonds, 0+(X) and 0*(Y), which cross. 
Then (see Figure 19.10): 


> both 0*(X NY) and O+(X UY) are directed cuts, 

> every arc of the digraph is covered exactly the same number of times (once, 
twice, or not at all) by these two directed cuts as it is by the two directed 
bonds 0*(X) and 0*(Y). 


The family obtained from B by replacing the two directed bonds 0*(X) and 0*(Y) 
by two new directed bonds, one contained in 0+(X MY) and one contained in 
0*(X UY), is therefore also a 2-packing, and moreover one of the same size as 
Bb. By repeatedly uncrossing in this fashion, one obtains a pairwise noncrossing 
2-packing of the same size as B (see Exercise 19.5.5). We may thus assume that 
the 2-packing 6 already has this property. 


Y Y na Y 


Ot (X) Ot (Y) at (X UY) Ot(X NY) 


Fig. 19.10. Uncrossing two crossing directed cuts 


Some directed bonds might occur twice in the family 6B. Define a graph G in 
which each vertex represents a directed bond that appears just once in B, joining 
two such bonds 0*(X) and 0*(Y) by an edge if they have an arc in common. 
Because 0*(X) and 0*(Y) do not cross, they can be adjacent in G only if either 
X CY orY CX. It follows that the graph G is bipartite (Exercise 19.5.6). The 
subfamily of 6 consisting of the larger of the two parts of G, together with one 
copy of each directed bond that appears twice in B, is a packing of directed bonds 
whose size is at least half that of B. 


For convenience, we denote by v(D) the size of a maximum packing of directed 
bonds in a digraph D and by t(D) the size of a minimum transversal of the 
directed bonds of D. In this notation, the Lucchesi-Younger Theorem states that 
v(D) = r(D) for every digraph D. Before proceeding with its proof, let us note 
two simple facts about directed bonds (Exercise 19.5.4). 


Proposition 19.17 Let D be a digraph. Then: 
i) the digraph D obtained by subdividing each arc of D satisfies the identity 


v(D) = 2v(D), 
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ii) the digraph D’ obtained by subdividing a single arc of D satisfies the inequalities 
v(D) < v(D!) < (D) +1, 

iit) for any arc a, the directed bonds of D / a are precisely the directed bonds of D 
which do not include the arc a. 


Theorem 19.18 ‘THE LUCCHESI- YOUNGER THEOREM 
In any digraph, the maximum number of arc-disjoint directed bonds is equal to the 
minimum number of arcs which meet all directed bonds. 


Proof When v(D) = 0, the digraph D has no directed bonds, and equality clearly 
holds. Suppose that the theorem is false. Then there is a smallest positive integer 
k, and a digraph D, such that: 


v(D)=k and 7r(D)>k (19.8) 


Denote by D the set of all digraphs D for which (19.8) holds, and let Do be 
any member of D. We subdivide the arcs of Do one by one, thereby obtaining 
a sequence of digraphs Do, Di, D2,...,Dm. By Proposition 19.17(i), v(Dm) = 
2v(Do) > v(Do). Hence, by Proposition 19.17(ii), there is an index i such that 
v(D;) = v(Do) = k and v(Di41) =k +1. Because Dp € D and v(D;) = v(Do), we 
have D; € D (Exercise 19.5.7). Now set D := D;, and let a be the arc of D; that 
was subdivided to obtain Dj+1. 

Because v(Di4i1) = k +1 and v(D) = k, in any packing of Dj4, by k+1 
directed bonds, the two arcs resulting from the subdivision of a both belong to 
members of the packing. These k + 1 directed bonds therefore correspond to a 
family B’ of k+1 directed bonds of D which together cover a twice and each other 
arc of D at most once. 

Let us show, now, that D has a packing B” of k directed bonds, none of 
which includes the arc a. By Proposition 19.17(iii), this amounts to showing that 
v(D /a) = k. Suppose, to the contrary, that v(D /a) = k—1. Then r(D/a) = k-1 
also, by the minimality of k. Let T be a minimum transversal of the directed bonds 
of D/a. Then T U {a} is a transversal of the directed bonds of D, implying that 
T(D) = k =v(D) and contradicting (19.8). Therefore v(D /a) =k, and D indeed 
has such a packing B”. 

The family B := 6’UB” is thus a 2-packing of D by 2k+1 = 2v(D)+1 directed 
bonds. But this contradicts Proposition 19.16. We conclude that D = 0. 


Lucchesi (1976) gave a polynomial-time algorithm for finding a maximum pack- 
ing of directed cuts in a digraph. We refer the reader to Schrijver (2003) for a com- 
prehensive survey of results related to the Lucchesi-Younger Theorem, including 
its algorithmic aspects. 

The Lucchesi-Younger Theorem shows that the hypergraph defined by the arc 
sets of directed bonds of any digraph satisfies the Min—Max Property. Woodall 
(1978) conjectured that the blocker of this hypergraph also satisfies the Min—Max 
Property. 
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WOODALL’S CONJECTURE 


Conjecture 19.19 In any digraph, the maximum number of arc-disjoint 
transversals of directed bonds is equal to the minimum number of arcs in a 
directed bond. 


It can be shown that any digraph which does not contain a directed bond of 
size one has two disjoint transversals of directed bonds (Exercise 19.5.3). Schrijver 
(1982) and Feofiloff and Younger (1987) verified Woodall’s Conjecture for all di- 
graphs in which each source is connected to each sink by a directed path. Little 
else is known about this conjecture. For planar digraphs, by duality, Woodall’s 
Conjecture has the following equivalent formulation. 


Conjecture 19.20 In any planar digraph, the maximum number of arc-disjoint 
transversals of directed cycles is equal to the length of a shortest directed cycle. 


Even in this special case, it is not even known if there is some constant k such 
that every planar digraph of directed girth k or more has three disjoint transversals 
of directed cycles. 


Exercises 


19.5.1 Show that any two directed cycles in the digraph of Figure 19.11 have a 
vertex in common, but that at least three vertices must be deleted in order to 
destroy all directed cycles. 


Fig. 19.11. A digraph with vy = 1 andr =3 


19.5.2 By splitting vertices of the digraph in Figure 19.11, construct a digraph 
in which any two directed cycles have an arc in common, but from which at least 
three arcs must be deleted in order to destroy all directed cycles. 
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19.5.3 Let D be a 2-edge-connected digraph. Show that D has two disjoint 
transversals of directed bonds. 


*19.5.4 Prove Proposition 19.17. 
*19.5.5 


a) Let D be a digraph, and let B = {0*(X) : X € F} be a 2-packing of directed 
bonds of D for which \°{|X \ Y||Y \ X|: X,Y © F} is minimized. Show that 
B is a pairwise noncrossing family of directed bonds. 

b) Deduce that, given any 2-packing of directed bonds, one can obtain a pair- 
wise noncrossing 2-packing by repeatedly uncrossing pairs of crossing directed 
bonds, as described in the proof of Proposition 19.16. 

«19.5.6 Show that the graph G defined in the proof of Proposition 19.16 is bipar- 
tite. 
*19.5.7 Consider the family D of digraphs D satisfying (19.8). 

a) Let D € D, and let D’ be any digraph obtained from D by subdividing one 

arc of D. Show that if v(D’) = v(D), then D’ € D. 


b) Deduce that D; € D, where D; is the digraph defined in the proof of Theo- 
rem 19.18. 


2 
19.5.8 Let D be a strong plane digraph. Show that: 


a) D has a facial directed cycle, 
b) if D has two vertex-disjoint directed cycles, then it has two such cycles which 
are facial. 


19.5.9 Consider vertex-disjoint packings of directed cycles in digraphs. 


a) Find a 2-regular orientation of the octahedron for which v = 1 and 7 = 2. 
b) Let D be a planar digraph with v = 1. Show that: 
ir <2, 
ii) if 7 = 2 and D is simple, with 6~ > 2 and 6* > 2, then the underlying 
graph of D is either the octahedron or a graph obtained from a wheel W,,, 
n > 2, by replacing each of its spokes by two parallel edges. 
(A. METZLAR AND U.S.R. Murry) 


19.5.10 Let D be a plane digraph. Two directed cycles Cy and C2 of D cross if 
they have a common vertex v and their arcs that are incident with v alternate 
around v. A family C of directed cycles in D is laminar if no two members of C 
cross. Show that, given any family C of arc-disjoint directed cycles in D, there 
exists a laminar family C’ of arc-disjoint directed cycles in D with |C’| = |C|. 


19.5.11 Let D be a 2-diregular planar digraph in which a maximum packing of 
vertex-disjoint directed cycles has size k. Show that D contains a set of at most 
4k; vertices whose deletion destroys all directed cycles. 

(A. METZLAR AND U.S.R. Murty) 
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19.6 Related Reading 


PACKING T-CUTS 


The analogue for undirected graphs of the Lucchesi-Younger Theorem (19.18) fails 
already for a triangle. However, it does hold when restricted to T-cuts in bipartite 
graphs. 

Let G be a graph and let T be an even subset of V. Recall that an edge cut 
of the form O(X), where |X 9 T| is odd, is called a T-cut of G. (In the special 
case where T is the set of vertices of odd degree in G, the T-cuts are the odd cuts 
of G.) Recall also that a subset F' of E is called a T-join if the vertices of odd 
degree in the subgraph G/F] are precisely the vertices in T’. It can be seen that the 
minimal T-joins (with respect to inclusion) are precisely the minimal transversals 
of T-cuts. Seymour (1981c) showed that for any bipartite graph G and any even 
subset T of V, the minimum number of edges in a T-join is equal to the maximum 
number of T-cuts in a packing. He used his theorem to solve an interesting special 
case of the multicommodity flow problem for planar graphs. (This problem was 
discussed in Section 7.4.) 

One may obtain a bipartite graph from an arbitrary graph by the simple device 
of subdividing each edge exactly once. This transformation, together with the 
above theorem of Seymour, yields a result on 2-packings due to Lovasz (1975a): 
for any graph G and any even subset T of V, the minimum number of edges in a 
T-join is equal to one-half the maximum number of T-cuts in a 2-packing. 
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20.1 Circulations and Tensions 


We saw in Section 2.6 that the even subgraphs and edge cuts of a graph form 
vector spaces over GF'(2), namely the cycle and bond spaces of the graph. Here, 
we consider analogous vector spaces over the reals, and more generally over any 
field. Throughout this section, D denotes a connected (though not necessarily 
strongly connected) digraph and T' a spanning tree of D. 


THE CIRCULATION AND TENSION SPACES 


In Section 7.3, we defined a circulation in a digraph D as a function f: A— R 
which satisfies the conservation condition at every vertex: 
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five) =f (v), forallueV (20.1) 


If one thinks of D as an electrical network, such a function defines a circulation 
of currents in D. We noted in Section 7.3 that (20.1) may be expressed in matrix 
notation as: 

Mf = 0 (20.2) 


where M is the n x m incidence matrix of D and 0 the n x 1 zero-vector. The set 
of all circulations in D is thus a vector space. We denote this space by C := C(D), 
and refer to it as the circulation space of D. As a consequence of (20.2), we have: 


Proposition 20.1 The circulation space C of a digraph D is the orthogonal com- 
plement of the row space of its incidence matrix M. 


We now turn our attention to the row space of M. Let g be an element of the 
row space, so that g = pM for some vector p € R”. Consider an arc a := (2, y). 
In the column a of M, there are just two nonzero entries: +1 in row x and —1 in 
row y. Thus 

g(a) = p(x) — ply) (20.3) 


If D is thought of as an electrical network, with potential p(v) at vertex v, 
then by (20.3) g represents the potential difference, or tension, in the wires of 
the network. For this reason, the row space of M is called the tension space of 
D, denoted B(D) and its elements are referred to as tensions. Figure 20.la shows 
a digraph with an assignment of potentials to its vertices and the corresponding 
tension. 


Fig. 20.1. (a) A tension in a digraph, (b) the tension associated with a bond 


Recall from Section 7.3 that with each cycle C one may associate a circulation 
fc. Analogously, with each bond B := O(X), one may associate the tension gp 
defined by: 


1 if ae dt(X) 
gp(a):= 4-1 if aE d-(X) 
0 if a¢gB 
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It can be verified that gg = pM, where 


1 if vEX 
Pv) = t if veV\X 

so gz is indeed a tension. This definition extends naturally to edge cuts. In the 
case of a trivial edge cut B := O(v), the vector gp is simply the row m(v) of the 
incidence matrix M of D. Figure 20.1b depicts the tension associated with a bond. 
In the remainder of this chapter, we find it convenient to identify a set of arcs in 
a digraph with the subdigraph induced by that set. 

Recall that the support of a nonzero circulation contains a cycle (Lemma 7.12). 
Analogously, we have: 


Lemma 20.2 Let g be a nonzero tension in a digraph D. Then the support of g 
contains a bond. Moreover, if g is nonnegative, then the support of g contains a 
directed bond. 


Proof Let g := pM be a nonzero tension in a digraph D, with support S, and 
let (x,y) € S. Set X := {vu € V: p(v) = p(x)}. Then (a, y) € O(X) and 0(X) CS. 
Thus S contains the edge cut 0(X) which, being nonempty, contains a bond. If g 
is nonnegative, this bond is a directed bond. 


The following two propositions are the direct analogues for tensions of Propo- 
sitions 7.13 and 7.14. We leave their proofs as an exercise (20.1.3). 


Proposition 20.3 Every tension in a digraph is a linear combination of the ten- 
sions associated with its bonds. 


Proposition 20.4 Every nonnegative tension in a digraph is a nonnegative linear 
combination of the tensions associated with its directed bonds. Moreover, if the 
tension is integer-valued, the coefficients of the linear combination may be chosen 
to be nonnegative integers. 


CIRCULATIONS AND TENSIONS IN PLANE DIGRAPHS 


In Section 10.2, we studied the relationship between cycles and bonds in plane 
graphs and digraphs. Theorem 10.18 may be extended to the spaces of circulations 
and tensions as follows. For a function f on the arc set A(D) of a plane digraph D, 
let f* denote the function on A(D*) defined by f*(a*) := f(a), for all a € A(D). 
Applying Theorem 10.18, one may deduce the following theorem. 


Theorem 20.5 Let D be a plane digraph. A function f on A(D) is a circulation 
in D if and only if the function f* is a tension in D*. Thus the circulation space 
of D is isomorphic to the tension space of D*. 


We leave the proof of Theorem 20.5 to the reader (Exercise 20.1.6). The rela- 
tionship discussed here between circulations and tensions in plane digraphs is the 
foundation for the theory of integer-valued flows in graphs. We explore this topic 
in Chapter 21. 
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Fig. 20.2. Circulations and tensions are determined by their values on trees and cotrees 
(Exercise 20.1.4) 


Exercises 


*20.1.1 Let D = (V, A) be a digraph and g a real-valued function on A. Show that 
g is a tension in D if and only if g*(C) = g~(C) for each cycle C of D and each 
sense of traversal of C. 


*20.1.2 


a) Let f be a circulation in a digraph D. Show that the function obtained by 
negating the value of f on an arc a of D is a circulation in the digraph derived 
from D by reversing the orientation of a. 

b) State and prove an analogous result for tensions. 


*20.1.3 Prove Propositions 20.3 and 20.4. 
20.1.4 


a) Figure 20.2a displays a function defined on a spanning tree of a digraph, and 
Figure 20.2b a function defined on its cotree. Extend the function shown in 
Figure 20.2a to a tension and the function shown in Figure 20.2b to a circula- 
tion. 

b) Let f be a circulation and g a tension in a digraph D, and let T be a spanning 
tree of D. Show that f is uniquely determined by f|F, and that g is uniquely 
determined by g|T. 


*20.1.5 Let D be a digraph, and let b be a real-valued function defined on A. 
Show that: 


a) if f is a nonnegative circulation such that bf > 0, then there is a directed cycle 
C in D such that bfo > 0, 

b) if g is a nonnegative tension such that gb > 0, then there is a directed bond 
B in D such that ggb > 0. 


*20.1.6 Deduce Theorem 20.5 from Theorem 10.18. 
ru 
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20.2 Basis Matrices 


A matrix B is called a basis matrix of the tension space B of a digraph D if the 
rows of B form a basis for B; basis matrices of the circulation space C are defined 
analogously. In this section, all basis matrices are understood to be with respect 
to a fixed digraph D. We find the following notation convenient. If R is a matrix 
whose columns are labelled with the elements of A, and S' is a subset of A, we 
denote by R|g the submatrix of R consisting of the columns of R that are labelled 
by the elements of S. If R has a single row, our notation is the same as the usual 
notation for the restriction of a function to a subset of its domain. 


Theorem 20.6 Let B and C be basis matrices of B and C, respectively, and let 
SCA. Then: 


i) the columns of B|g are linearly independent if and only if S contains no cycle, 
ti) the columns of C|g are linearly independent if and only if S contains no bond. 


Proof Denote the column of B corresponding to arc a by b(a). The columns 
of Bg are linearly dependent if and only if there exists a function f on A such 
that Soc4 f(a)b(a) = 0, with f(a) # 0 for some a € S and f(a) = 0 for all 
a ¢ S, that is, if and only if there exists a nonzero circulation f whose support is 
contained in S. Now if there is such an f, then S contains a cycle, by Lemma 7.12. 
Conversely, if S contains a cycle C’, then fc is a nonzero circulation whose support 
C is contained in S. It follows that the columns of B|g are linearly independent if 
and only if S is acyclic. A similar argument, using Lemma 20.2, yields a proof of 


(ii). 


Theorem 20.7 The dimensions of the tension and circulation spaces of a con- 
nected digraph D are given by the formulae: 


dim B=n-1 (20.4) 
dimC =m—n-+1 (20.5) 


Proof Consider a basis matrix B of 6. By Theorem 20.6, 
rank B = max{|S|: 5 C A,S acyclic} 


The above maximum is attained when S' is a spanning tree of D, and is therefore 
equal to n—1. Because dim 6 = rank B, this establishes (20.4). Now (20.5) follows 
directly, because C is the orthogonal complement of B. 


Note that the formulae (20.4) and (20.5) for the dimensions of the tension and 
circulation spaces of a digraph D depend only on the underlying graph G of D. 
This is a common feature of most properties of circulations and tensions that are 
of interest to us, the reason being that, for any circulation f or tension g, the 
function obtained by negating the value of f or g on an arc of D is a circulation 
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or tension in the digraph obtained from D by reversing the orientation of that arc 
(Exercise 20.1.2). 

Let T be a spanning tree of a digraph D. We may associate with T a special 
basis matrix of 6. Consider an arc a of the tree T, and the corresponding funda- 
mental bond B,. We have seen that to each bond there is an associated tension. 
We denote this tension by ga, defined so that ga(a) = 1. The (n — 1) x m matrix 
B whose rows are the vectors ga, a € T, is then a basis matrix of B. This follows 
from the fact that each row is a tension and that rank B = n — 1 (because B|T 
is an identity matrix). We refer to B as the basis matrix of B corresponding to 
T. Figure 20.3b shows the basis matrix of B corresponding to the spanning tree 
{1,2,4,5} indicated in Figure 20.3a. 


12345 6 7 8 | 123 4567 8 
m|1 0-100 1 1 0 fs) 1 11 10000 
g|0 1-100 01 0 fe|-1 0001100 
g|00-110001 fr|-1-1 00101 0 
gs| 0 0 0 O 1-1-1 1 fs| 0 0 O-1-1 001 

(0) (c) 


Fig. 20.3. Basis matrices of B and C corresponding to a spanning tree 


Analogously, if a is an arc of T, the fundamental cycle C, corresponding to a 
has an associated circulation f,, defined so that fa(a) = 1. The (m—n+1)xm 
matrix C whose rows are the vectors f,, a € T, is a basis matrix of C, the basis 
matrix of C corresponding to T. Figure 20.3c gives an example of such a matrix. 

In light of the above observations, we now have the following fundamental 
theorem. 


Theorem 20.8 Let D be a connected digraph and T a spanning tree of D. Then: 


i) the set {g, : a € T} of tensions associated with the fundamental bonds of D 
with respect to T is a basis for B, 

ii) the set {f, : a € T} of circulations associated with the fundamental cycles of 
D with respect to T is a basis for C. 


The defining conditions for circulations and tensions involve only addition and 
subtraction, so these notions may be defined over any (additive) abelian group I’. 
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We denote by Br the set of all tensions, and by Cr the set of all circulations, over 
I’. When I is the additive group of a field F’, these sets are vector spaces over F’, 
and Theorems 20.6 and 20.7 remain valid (Exercise 20.2.3a). 

In the case of fields of characteristic two, and more generally groups in which 
each element is its own additive inverse, circulations and tensions in a digraph 
D depend only on the underlying graph G; orientations of arcs play no role. For 
example, over GF'(2), a function f on A satisfies the conservation condition (20.1) 
if and only if S°{ f(a) : a € O(v)} = 0, for all v € V. This simply means that f 
is a circulation over GF(2) if and only if its support is an even subgraph of G. 
Similarly, a function g on A over GF(2) is a tension if and only if its support is an 
edge cut of G. Thus, when F is the field GF'(2), the space Cr is simply the cycle 
space of G and Br its bond space, as defined in Section 2.6. 


Exercises 


20.2.1 


a) Let B and C be basis matrices of B and C and let T be a spanning tree of D. 
Show that B is uniquely determined by B|T and that C is uniquely determined 
by C|7P. 

b) Let T and T; be two spanning trees of a connected digraph D. Denote by B 
and B, the basis matrices of B, and by C and C, the basis matrices of C, 
corresponding to the trees T’ and Tj, respectively. Show that B = (B|T,)Bi 
and that C = (C|T,)C1. 


20.2.2 KIRCHHOFF MATRIX 

A Kirchhoff matrix of a loopless connected digraph D is a matrix K := M, 
obtained from the incidence matrix M of D by deleting the row m(a). Show tha 
K is a basis matrix of B. 


20.2.3 Let F be a field and let Cr and Br denote the circulation and tension 
spaces of D over F’. Show that Theorems 20.6 and 20.7 remain valid if B and C 
are replaced by Br and Cp, respectively. 


20.2.4 Show that a function f : A — I is a circulation in a digraph D over an 
additive abelian group I’ if and only if 


f*(X)— f-(X) =0 
for every subset X of V. 


20.2.5 Show that a function g: A — I is a tension in a digraph D over an additive 
abelian group I if and only if 


g* (C) — 9g (C) =0 


for every cycle C of D with a given sense of traversal. 


ee 
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20.3 Feasible Circulations and Tensions 


Frequently, in both theoretical and practical situations, one seeks circulations or 
tensions whose values on arcs satisfy prescribed bounds. In this section, we de- 
scribe necessary and sufficient conditions for the existence of such circulations and 
tensions. 

Let D := (V,A) be a directed graph. Suppose that, with each arc a of D, are 
associated two real numbers, b(a) and c(a), such that b(a) < c(a). A circulation f 
in D is feasible (with respect to the functions b and c) if b(a) < f(a) < c(a) for all 
a € A. The functions b and ¢ are called lower and upper bounds, respectively. A 
feasible tension is defined similarly. 

Let f be a feasible circulation in D, and let X be a subset of V. Because f is a 
circulation, we have f*(X) = f~(X) (Exercise 7.3.1). On the other hand, because 
f is feasible, ct(X) > ft+(X) and f~(X) > b-(X). It follows that 


ct(X) >b-(X), for all subsets X of V (20.6) 


Hoffman (1960) showed that this necessary condition for the existence of a feasible 
circulation is sufficient. 


Theorem 20.9 HOFFMAN’S CIRCULATION THEOREM 

A digraph D has a feasible circulation with respect to bounds b and c if and only 
if these bounds satisfy inequality (20.6). Furthermore, if both b and c are integer- 
valued and satisfy this inequality, then D has an integer-valued feasible circulation. 


Now let g be a feasible tension in D with respect to b and c. Consider any cycle 
C of D, and a sense of traversal of C. Because g is a tension, g(C*) = g(C~) 
(Exercise 20.1.1). Moreover, because g is feasible, c(C*) > g(Ct) and g(C~) > 
b(C—). Therefore, 


c(Ct) >b(C~), for each cycle C of D and each sense of traversal of C (20.7) 


Ghouila-Houri (1960) showed that this necessary condition for the existence of a 
feasible tension is sufficient. 


Theorem 20.10 GHOUILA-HOURI’s THEOREM 

A digraph D has a feasible tension with respect to bounds b and c if and only if 
these bounds satisfy inequality (20.7). Furthermore, if both b and c are integer- 
valued and satisfy this inequality, then D has an integer-valued feasible tension. 


Hoffman’s Circulation Theorem and Ghouila-Houri’s Theorem may both be 
proved with the aid of a fundamental tool in linear algebra known as Farkas’ 
Lemma (see inset). 
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PROOF TECHNIQUE: FARKAS’ LEMMA 


A system Ax = 0 of linear equations always has at least one solution. How- 
ever, in many practical applications, one would like to find a solution which 
satisfies certain additional constraints, such as one of the form x > b, where 
b is a given vector of lower bounds. This may or may not be possible. 

Let us suppose that there is, indeed, a vector x such that 


Ax=0, x>b (20.8) 


Consider any vector y such that yA > 0. Because b < x and yA > 0, we 
have yAb < yAx = yO = 0. Thus, if (20.8) has a solution, the linear system 


yA>0, yAb>0 (20.9) 


can have no solution. Farkas (1902) showed that this necessary condition for 
the feasibility of the system (20.8) is also sufficient. 


Lemma 20.11 FARKAS’ LEMMA 
For any real matriz A and any real vector b, precisely one of the two linear 


systems (20.8) and (20.9) has a solution. 


Farkas’ Lemma can be deduced from the Duality Theorem of Linear Pro- 
gramming, discussed in Chapter 8 (see Exercise 8.6.9). A number of feasibility 
theorems in graph theory may be derived from it very easily. In most of these 
applications, the matrix A is the incidence matrix M of the digraph D under 
consideration, and thus is totally unimodular (Exercise 1.5.7). Consequently, 
if b is integer-valued, there is either an integer-valued solution x to (20.8) or 
else an integer-valued solution y to (20.9). 

As an illustration, we describe how Hoffman’s Circulation Theorem (20.9) may 
be derived from Farkas’ Lemma. We first obtain a condition for the existence 
of a circulation subject only to lower bounds. 


Proposition 20.12 Let D be a digraph, and let b be a real-valued function 
defined on A. Then either there is a circulation f in D such that f > b, or 
there is a nonnegative tension g in D such that gb > 0. 


Proof Consider the incidence matrix M of D, and the two linear systems: 
Mf = 0, f>b (20.10) 


pM > 0, pMb > 0 (20.11) 


By Farkas’ Lemma, exactly one of these two systems has a solution. The 
proposition follows on observing that a solution f to the system Mf = 0 is a 
circulation in D, and a vector of the form pM is a tension g in D. 
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FARKAS’ LEMMA (CONTINUED) 
Applying Exercise 20.1.5b, we now have the following corollary. 


Corollary 20.13 Let D be a digraph, and let b be a real-valued function de- 
fined on A. Then either there is a circulation f in D such that f > b, or there 
is a directed bond B in D such that ggb > 0. 


Hoffman’s Circulation Theorem (with both lower and upper bounds) can be 
deduced from Corollary 20.13 by means of a simple transformation (see Exer- 
cise 20.3.5). Ghouila-Houri’s Theorem (20.10) can be derived in an analogous 
fashion from a variant of Farkas’ Lemma asserting that exactly one of the 
two linear systems yA > b, and Ax = 0, x > 0, bx > 0, has a solution 
(Exercises 8.6.10 and 20.3.6). A constructive proof of Hoffman’s Circulation 
Theorem is given below. 


FINDING A FEASIBLE CIRCULATION 


An algebraic proof of Hoffman’s Circulation Theorem (20.9) is given in the inset. 
Here, we describe a constructive proof of this theorem based on network flows. 


Proof We show how to find a feasible circulation in any network satisfying the 
necessary condition (20.6). For clarity of presentation, we assume that both b and 
c are integer-valued functions on A. Our proof may be adapted to the general case 
in a straightforward manner (Exercise 20.3.1). 

Let f be a real-valued function on A satisfying the lower and upper bounds 
b(a) < f(a) < c(a) for all a € A. We define a vertex v to be positive, balanced, 
or negative according as the net flow ft(v) — f~(v) out of v is positive, zero, or 
negative. Because )> cy (f*(v) — f7(v)) = 0 (Exercise 7.1.1a), either all vertices 
are balanced, in which case f is a feasible circulation, or there are both positive 
and negative vertices. 

Let us call the quantity > cy |ft(v) — f7 (v)| the excess of f. If not all vertices 
are balanced, the excess is positive. In this case, we show how f can be modified to 
a flow f’ which also satisfies the lower and upper bounds, but which has a smaller 
excess. Repeating this procedure results in a feasible circulation. 

Consider a negative vertex x. By analogy with the notion of an f-augmenting 
path in the Max-Flow Min-Cut Algorithm (7.9), call an 2-path P in D an f- 
improving path if f(a) < c(a) for each forward arc a of P, and f(a) > b(a) for 
each reverse arc a of P. Let X be the set of all vertices reachable from x by f- 
improving paths. Then f(a) = c(a) for each arc a € O*(X) and f(a) = b(a) for 
each arc a € 07 (X). Therefore, applying Exercise 7.1.2, 


dof (0) - £7) = FFX) - F(X) = et (X) — 0 (X) 20 


vExX 
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Because X includes a negative vertex, namely x, we deduce that X also includes a 
positive vertex y, so there exists an f-improving path xPy. Let f’ be the function 
on A defined by: 


f(a) +1. if ais a forward arc of P 
f'(a) = 4 f(a)—1 if ais a reverse arc of P 
f(a) otherwise 


It is straightforward to verify that b(a) < f’(a) < c(a) for all a € A, and that the 
excess of f’ is two less than the excess of f. 


We remark that the above constructive proof can be adapted easily to an 
algorithm which accepts as input a network N with lower and upper bounds b 
and c, and returns either a feasible circulation in N or a set X violating condition 
(20.6). 


Exercises 


*20.3.1 Give a constructive proof of Theorem 20.9, without the assumption that 
b and ¢ are integer-valued. 


20.3.2 Give an algorithm, based on the constructive proof of Theorem 20.9, for 
finding either a feasible circulation in a digraph D or a subset X of V which 
violates (20.6). 


20.3.3 Given a digraph D := D(x,y) and two real-valued functions b and c on 
the arc set A of D, a function f on A is a feasible flow in D (relative to b and 
c) if (i) b(a) < f(a) < c(a), for all a € A, and (ii) ft(v) — f-(v) = 0, for all 
v € V \ {a,y}. (This is just a slight generalization of our earlier definition of 
feasibility; when b = 0, condition (i) reduces to (7.2).) Show how the Max-Flow 
Min-Cut Algorithm (7.9) can be modified to find a feasible flow of maximum value 
starting from an initial feasible flow. 


20.3.4 Deduce the Max-Flow Min-Cut Theorem (7.7) from Hoffman’s Circulation 
Theorem. 


20.3.5 


a) Let D be a digraph with lower and upper bound functions b and c defined on 
its arc set A. Define a digraph D’ with vertex set V(D) U {u(a) : a € A} and 
arc set 


A’ := {(t(a), v(a)) :a € A} Uf{(h(a), v(a)) : a € A} 


where ¢(a) and h(a) are the tail and head of a, respectively. (Equivalently, 
subdivide each arc a of D by a single vertex u(a), thereby transforming it into 
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a directed path of length two, and then reverse the second arc of each such 
path.) Define a lower bound function b’ on the arc set A’ of D’ by: 


b’(t(a), v(a)) := b(a), -U' (h(a), v(a)) := —c(a), aE A 


Show that: 
i) if f is a circulation in D, then the function f’ defined on A’ by: 


f'(t(a), v(a)) = fla), f"(h(a), v(a)) = -f(@), aeA 


is a circulation in D’, 
ii) b< f <cifand only if f’ > 0’. 
b) Deduce Hoffman’s Circulation Theorem (20.9) from Corollary 20.13. 


20.3.6 A variant of Farkas’ Lemma says that exactly one of the two linear systems 
yA >b, and Ax = 0, x > 0, bx > 0, has a solution (see Exercise 8.6.10). Let D 
be a digraph, and let b € R4. 


a) Using this variant of Farkas’ Lemma, show that either there is a tension g in D 
such that g > b, or there is a nonnegative circulation f in D such that bf > 0. 

b) Deduce that either there is a tension g in D such that g > b, or there is a 
directed cycle C in D such that bfc > 0. 

c) Deduce Ghouila-Houri’s Theorem from (b). 


20.3.7 Give a constructive proof of the statement in Exercise 20.3.6b based on the 
Bellman-Ford Algorithm (described in Exercise 6.3.11). 


20.3.8 MIN-CosT CIRCULATION 

Let D = (V, A) be a weighted directed graph, with weight (or cost) function w. The 
cost of a circulation f is the quantity }7,- 4 w(a) f(a). Suppose that with each arc a 
of D are associated lower and upper bounds b(a) and c(a), where b(a) < c(a). The 
Min-Cost Circulation Problem consists of finding a feasible circulation of minimum 
cost. 


a) Define a cycle C to be cost-reducing with respect to a feasible circulation f if: 
> f(a) < c(a), for each a € Ct, 
> f(a) > b(a), for each ae C’, 
> acct W(@) — Vaec- w(a) is negative. 

i) Let f* be a min-cost circulation. Show that there can exist no cost-reducing 
cycle with respect to f*. 

ii) Let f be a feasible circulation that is not one of minimum cost. By con- 
sidering the circulation f* — f, and using the transformation described in 
Exercise 20.1.2 and Proposition 7.14, show that there exists a cost-reducing 
cycle with respect to f. 

b) Starting with any feasible circulation, describe how the Bellman—Ford Algo- 
rithm (Exercise 6.3.11) may be applied to find a min-cost circulation, assuming 
that the functions b, c and w are rational-valued. 


(There exist polynomial-time algorithms for solving the Min-Cost Circulation 
Problem; see Schrijver (2003).) 
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20.4 The Matrix—Tree Theorem 


In Section 4.2, we gave a proof of Cayley’s Formula for the number of spanning 
trees in a complete graph. Here, we derive several expressions for the number of 
spanning trees in any connected graph G. Recall that this parameter is denoted 
t(G). 

A matrix is said to be unimodular if the determinants of all its full square 
submatrices have values 0, +1 or —1; in particular, any totally unimodular matrix 
is unimodular. Kirchhoff matrices are examples of unimodular matrices (Exer- 
cise 20.4.1a). Other examples are provided by basis matrices corresponding to 
spanning trees (Exercise 20.4.3). 

The proof of the following theorem is due to Tutte (1965a). 


Theorem 20.14 Let D be a connected digraph and B a unimodular basis matrix 
of its tension space B. Then 
t(G) = det BB’ 


Proof Using the Cauchy—Binet Formula! for the determinant of the product of 
two rectangular matrices, we obtain 


det BB’ = § “{(det(B|g))? : SCA, [S| =n-1} 


By Theorem 20.6(i), the number of nonzero terms in this sum is equal to ¢(G). 
Moreover, because B is unimodular, each such term has value 1. 


This observation, together with the fact, noted above, that Kirchhoff matrices 
are unimodular, yields the following formula for the number of spanning trees in 
a graph, implicit in the work of Kirchhoff (1847). 


Theorem 20.15 THE MATRIX~TREE THEOREM 
Let G be a loopless connected graph, D an orientation of G, and K a Kirchhoff 
matriz of D. Then 


t(G) = det KK’ 


The conductance matrix or Laplacian of a loopless graph G with adjacency 
matrix A = (a;;) is the n x n matrix C = (c;), where 


Vom 19 
k 


aij, if 7 #4 


Cig = 


Figure 20.4 shows a graph together with its conductance matrix. 
We leave the proof of the following corollary as Exercise 20.4.2. 


' Let A and B be two k x m matrices (k < m), whose columns are indexed by the 
elements of a set EF. The Cauchy-Binet Formula states that 


det AB'= S~  det(A|g) det(Bls) 
SCE, |S|=k 
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Fig. 20.4. The conductance matrix of a graph 


Corollary 20.16 Let G be a loopless connected graph, C its conductance matriz, 
and D an orientation of G. Then: 


i)C= MM’, where M is the incidence matrix of D, 
ii) every cofactor of C has value t(G). 


The proof of the following theorem is analogous to that of Theorem 20.14. 


Theorem 20.17 Let D be a connected digraph and C a unimodular basis matrix 
of its circulation space C. Then 


t(G) = det CC 


Corollary 20.18 Let D be a connected digraph and B and C unimodular basis 
matrices of B and C, respectively. Then 


HO = det | 


Proof By Theorems 20.14 and 20.17, 


t 
((G))? = det BB! det CC! = det ie 0 | 


0 cc 


Because B and C are orthogonal, BC’ = CB’ = 0. Thus 


(t(G))* = det BS me = det ((2| BIC) 


- Ie] det [B'|C'] = («ce [2]) 


The corollary follows on taking square roots. 
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Exercises 


*20.4.1 Let K be a Kirchhoff matrix of a loopless connected digraph D, and let 
G be the underlying graph of D. Show that: 


a) K is unimodular, 


b) ((G) = + det S| , where C is a basis matrix of C associated with a spanning 
tree of G. 
*20.4.2 Prove Corollary 20.16. 


*20.4.3 Let D be a connected digraph and B and C basis matrices of B and C, 
respectively, corresponding to a spanning tree T’. Show that B and C are totally 
unimodular. 


*20.4.4 Use the Matrix—Tree Theorem (20.15) to compute the number of spanning 
trees in the graph shown in Figure 20.5. 


ic 
j / ) 
4 ‘ 
VV 


Fig. 20.5. How many spanning trees are there in this graph? (Exercise 20.4.4) 


ee 


20.4.5 Let F be a finite field of characteristic p, let B and C be basis matrices of 
Br and Cp, respectively, corresponding to a spanning tree of a digraph D, and let 
G be the underlying graph of D. Show that: 


a) 


ash Ic = 44C)(indd D) 


b) dim(br N Cr) > 0 if and only if p|t(G). (H. SHANK) 
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20.4.6 The Laplacian of a loopless digraph D with vertex set {v1, v2,...,Un} and 
adjacency matrix A = (a;;) is the n x n matrix C = (c,;), where: 


\ oe tS 
; 


aij, if 7 xj 


Cig = 


Let Ci; denote the matrix obtained from C by deleting its ith row and ith column. 
Show that the determinant of Ci; is equal to the number of spanning branchings 
of D rooted at v;. (W.T. TUTTE) 


20.5 Resistive Electrical Networks 


We have already remarked that a circulation in a digraph may be viewed as a 
flow of currents in an electrical network, and that tensions represent voltage drops 
along wires. In this section, we make precise these relationships, and show how to 
compute the currents in a network using the matrix equations developed in the 
previous section. 

A resistive electrical network is one in which each wire has a specific resistance. 
By Ohm’s Law, the voltage drop v between the ends of the wire is given by the 
equation v = ir, where i is the current in the wire and r its resistance. 

A graph G' can be regarded as a resistive electrical network in which each edge 
is a wire of unit resistance. In this case, the voltage drop between the ends of an 
edge is equal to the current along the edge. We take one edge of G, say e := xy, 
to be a current generator (for instance, a battery). This current generator creates 
a voltage drop between x and y, and thereby induces in G \ e a flow of current 
from x, the negative pole of the network, to y, its positive pole. This flow, in turn, 
determines an orientation D := D(x,y) of G\ e (except for edges which carry no 
current, which may be oriented arbitrarily). 


KIRCHHOFF’S LAWS 


Kirchhoff (1847) formulated two basic laws of resistive electrical networks. When 
each wire is of unit resistance, they can be stated in terms of the above notation 
as follows. 


> Kirchhoff’s Current Law: the currents in G \ e constitute an (x, y)-flow in D. 
> Kirchhoff’s Voltage Law: the currents in G \ e constitute a tension in D. 


A function on the are set A of a digraph D := D(a,y) which is both an 
(a, y)-flow and a tension is called a current flow in D from x to y. (Thus what 
distinguishes a current flow from an arbitrary (x, y)-flow is that it is also a tension.) 
The value of a current flow is its value as an (a, y)-flow. 


Theorem 20.19 Let D := D(x,y) be a connected directed graph. For any real 
number i, there exists a unique current flow in D of value i from x to y. 
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Proof Let K = M, be a Kirchhoff matrix of D. We assume that the first row of 
K is indexed by x. By definition, a function f : A > R is a current flow of value i 
from x to y if it satisfies the two systems of equations: 

i 


Kt =|) 


| and Cf =0 

where C is any basis matrix of C. Because K has n — 1 rows, the first system 
consists of n — 1 equations. Similarly, because C has m — n+ 1 rows, the second 
system consists of m —n-+ 1 equations. Combining these two systems, we obtain 
the following system of m equations in m variables. 


ef an 


Because the rows of K are a basis for 6 and the rows of C are a basis for its 


orthogonal complement C, the matrix is nonsingular. Therefore the system 


K 
C 
(20.12) has a unique solution, yielding a unique current flow f of value i from x to 
y. 


For an arbitrary positive integer i, the values of the currents obtained by solving 
(20.12) might well not be integral. However, by Exercise 20.4.1b, 


det S| 2495p) 


so, by Cramér’s Rule, we can guarantee a solution in integers by taking i = t(D). 
Thus, in computing currents, it is convenient to take the total current leaving x 
to be equal to the number of spanning trees of D. 


Example 20.20 Consider the planar graph G in Figure 20.6a. On deleting the 
edge xy and orienting each remaining edge, as shown, we obtain the digraph D of 
Figure 20.6b. It can be checked that t(D) = 66 (Exercise 20.4.4). By considering 
the tree T := {a1,@2,a@3,04,a5} we obtain the following nine equations, as in 
(20.12), (with f(a;) written simply as /f;). 


fi +fe = 66 
fi —fs —fo = 
fo —fs —fa =0 
fs =f5 —Te +fo = 
fa +fe —fr = 
ja —J4 +fe = 
=ja+ja—fs +f7 = 
fi —fe —fs —fs +fs = 
fi —fe —fs +fo = 


The solution to this system of equations is given by 


(fi, fe, fs, fa, fs, fe, fz, fs, fo) = (36, 30, 14, 16, 20, 2, 18, 28, 8) (20.13) 
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Fig. 20.6. (a) A planar graph G, (b) an orientation D of G \ xy 


We now derive a second expression for the current flow, due to Thomassen 
(1990). 

Given an xy-path P in a digraph D := D(a,y), the signed incidence vector of 
P is the function fp : A — R defined by 


1 if aE Pt 
fe(a):= 4 -1 if ae PO 
0 if agP 


For each spanning tree T of D, set fr := fp, where P := xTy. Observe that 
fr is an (a, y)-flow in D of value one. Consequently, the function f defined by 


f:= So fr (20.14) 
i 


where the sum is taken over all spanning trees T of D, is an (x, y)-flow in D of 
value t(D). 

Now consider the digraph D’ obtained from D by adding a new arc a’ from y 
to x. For each spanning tree T’ of D’ containing a’, denote by T/, the component of 
T’ \ a’ containing x, and by gr’ the tension in D associated with the bond O(T"). 
Then the function g defined by 


— S gr (20.15) 
Ald 


where the sum is taken over all spanning trees T’ of D’ containing a’, is a tension 
in D. 

Thomassen (1990) showed that f = g, and hence (by virtue of Theorem 20.19) 
that this function is the unique current flow in D of value t(D). 
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Theorem 20.21 Jn any directed graph D := D(x, y), the functions f and g defined 
by (20.14) and (20.15) are equal. This function is therefore the unique current flow 
in D of value t(D). 


Proof Let T be a spanning tree of D, and a an arc of the path P := «Ty. 
Consider the spanning tree T’ := (T \ a) +a’ of D’. Then the arc a is a forward 
arc of P if it belongs to 0*(T/), and a reverse arc of P if it belongs to 0~(T%). 
Conversely, let T’ be a spanning tree of D’ containing the arc a’, and let a be 
an arc of D such that T := (T’ \ a’) +a is a spanning tree of D. Then the arc a 
belongs to 0*(T/) if it is a forward arc of the path P := xTy, and to 0- (T") if it 
is a reverse arc of P. It follows that f = g. 


EFFECTIVE RESISTANCE 


Given a current flow from x to yina digraph D := D(x, y), Kirchhoff’s Voltage Law 
implies that the voltage drop along each xy-path (that is, the sum of the tensions 
on its edges) is the same. When the current flow is of value one, this common 
voltage drop is called the effective resistance between x and y, and is denoted ryy. 
(It is easily seen, by reversing the flow, that rzy = ryz, so the terminology and 
notation adopted here are unambiguous.) 

As an example, consider the current flow of value one in the digraph D(x, y) of 
Figure 20.7. This flow shows that the effective resistance between « and y is 8/7. 


Fig. 20.7. A current flow of value one in a digraph D(z, y) 


Denote by K the Kirchhoff matrix M; and by L the matrix M;., where M 
is the incidence matrix of D. Thomassen (1990) gave a simple formula for the 
effective resistance. 


Theorem 20.22 The effective resistance between x and y in an electrical network 
D(x,y) is given by the formula 


_ det LLt 
"ry ~~ Get KKt 
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Proof Add a new arc a’ := (y,x) to D, so as to obtain a digraph D’. By Theo- 
rem 20.21, g := }>7 gr’ is the unique current flow of value t(D). For any ry-path 
in D, each tension gr’ contributes a voltage drop of one along the path. Thus the 
total voltage drop along any path is the number of spanning trees of D’ that con- 
tain a’. By Exercise 4.2.la, this number is t(D’ /a’) = t(D/{a,y}) (the digraph 
obtained from D by identifying x and y). Therefore, 


t(D / {x,y}) 
try(D) = Dy) 


By the Matrix-Tree Theorem (20.15), t(D) = det KK‘, so it remains to show that 
t(D / {x, y}) = det LL*. 

The incidence matrix of D / {x,y} is obtained from the incidence matrix M of 
D by ‘merging’ the rows m(2) and m(y), the new row corresponding to the vertex 
resulting from the identification of x and y. The principal submatrix of MMt*t 
obtained by deleting this row and the corresponding column is precisely LLt, so 
t(D /{x,y}) = det LL*, by the Matrix—-Tree Theorem (20.15). 


As an illustration, consider the digraph of Figure 20.7. This digraph has 21 
spanning trees (see Exercise 4.2.5), whereas the digraph obtained from it by iden- 
tifying x and y has 24 spanning trees. Theorem 20.22 asserts that 

det LL* 24. 8 


‘ry ~ GetKKt 21. 7 


confirming our earlier computation. 

If xy is an edge of a connected graph G, we denote by t,,(G) the number 
of spanning trees of G containing zy. Note that t,,(G) = t(G/ay), by Exer- 
cise 4.2.1a. The following expression for the effective resistance between adjacent 
vertices is due to Thomassen (1990). 


Corollary 20.23 If x and y are adjacent vertices of a digraph D, 


red =D) 


Proof As in the proof of Theorem 20.22, one has t,,(D) = det LL‘. Also, t(D) = 
det KK*. 


In the remaining sections of this chapter, we present two surprising, quite 
different applications of the results established above. 
Exercises 


20.5.1 THOMSON’S PRINCIPLE 
Let D := D(a,y) be a connected digraph. 
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a) For any real number i, show that: 
i) there is an (x, y)-flow in D of value i, 
ii) the set of all such flows is a closed subset of R4. 
b) The power of an (x, y)-flow f in D is the quantity )>{(f(a))? : a € A(D)}. 
Show that: 
i) there is an (x, y)-flow which minimizes the power, 
ii) this flow is a current flow in D, 
iii) there is only one such flow. 


(The fact that the unique flow of minimum power is a current flow is known as 
Thomson’s Principle.) 


20.5.2 Let G be an edge-transitive graph, and let cy € E. Express rz, in terms of 
the numbers of vertices and edges of G. 


20.5.3 Compute the effective resistances between all pairs of vertices in the digraph 
of Figure 20.7 in two ways: 


a) by determining current flows of value one, 
b) by applying Theorem 20.22 or Corollary 20.23. 


ee 


20.6 Perfect Squares 


A squared rectangle is a rectangle dissected into a finite number (at least two) of 
squares. If no two of the squares in the dissection have the same size, the squared 
rectangle is said to be perfect. The order of a squared rectangle is the number of 
squares into which it is dissected. Figure 20.8 shows a perfect rectangle of order 
nine, found by Moron (1925). Note that this squared rectangle does not properly 
contain another one. Such squared rectangles are called simple. Clearly, every 
squared rectangle is composed of ones that are simple. 

For a long time, no simple perfect squared squares were known. It was even 
conjectured that such squares do not exist. The first person to describe one was 
Sprague (1939); it was of order 55. At about the same time, Brooks et al. (1940) 
developed systematic methods for constructing simple perfect squared squares by 
using the theory of electrical networks. In this section, we outline their approach. 

We first show how a current flow in a digraph can be associated with a given 
squared rectangle R. The union of the horizontal sides of the constituent squares 
of R consists of horizontal line segments; each such segment is called a horizontal 
dissector of R. In Figure 20.9a the horizontal dissectors are indicated by solid lines. 
To each horizontal dissector H; of R there corresponds a vertex vu; of the digraph 
D associated with R. Two vertices vj and v; of D are joined by an arc (v;, v;) if 
and only if the horizontal dissectors H; and H; flank some square of the dissection 
and H; lies above H; in R. Figure 20.9b shows the digraph associated with the 
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18 15 


14 
10 9 


Fig. 20.8. A simple perfect squared rectangle 


squared rectangle in Figure 20.9a. The vertices corresponding to the upper and 
lower sides of R are called the poles of D and are denoted by x and y, respectively. 

We assign to each vertex v of D a potential p(v), equal to the height (above 
the lower side of R) of the corresponding horizontal dissector (see Figures 20.9a 
and 20.9b). If we regard D as an electrical network in which each wire has unit 
resistance, the tension f determined by this potential can be seen to satisfy both of 
Kirchhoff’s Laws, and hence is a current flow from a to y in D (see Figure 20.9c). 


rae 
15 / ‘ 


: / 


Fig. 20.9. (a) A perfect squared rectangle, (b) its associated electrical network, (c) the 
resulting current flow 


Let D be the digraph corresponding to a squared rectangle R, with poles x 
and y, and let G’ be the underlying graph of D. Then the graph G := G’ 4+ «ry 
is called the horizontal graph of R. This graph is easily seen to be connected and 
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planar. Brooks et al. (1940) showed that when the squared rectangle R is simple, 
its horizontal graph is 3-connected. Conversely, they showed that if G is a simple 
3-connected planar graph and zy is any edge of G, then a current flow from x to 
y in G \ xy determines a simple squared rectangle. Thus one way of searching for 
squared rectangles of order k is as follows. 


i) List all simple 3-connected planar graphs with k + 1 edges. 
ii) For each such graph G and each edge xy of G, determine a current flow from 
x to y in G \ xy by solving the system of equations (20.12). 


For example, if we consider the graph G shown in Figure 20.6a, the current flow 
from « to y in the digraph D of Figure 20.6b is given by (20.13). The squared rect- 
angle based on this current flow is just the one displayed in Figure 20.9a, but with 
all dimensions doubled. Brooks et al. (1940) examined by hand many 3-connected 
planar graphs, and eventually succeeded in finding a simple perfect squared square. 
Much later, Duijvestijn (1978) applied this same strategy systematically using a 
computer, and found several other examples, including the one of order 21 shown 
in Figure 20.10; this is the unique simple perfect squared square of least order (up 
to reflections and rotations). 

Tutte (1948b) generalized the above theory to dissections of equilateral trian- 
gles into equilateral triangles. Further results on perfect squares can be found in 
the survey article by Tutte (1965b). 


27 
35 
50 
8 
19 
is | yr | 12 
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24 
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6 37 42 


Fig. 20.10. The unique perfect squared square of smallest order 
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Exercises 


20.6.1 


a) Determine the unique current flow of value 69 from a to y in the graph of 
Figure 20.1la, and the unique current flow of value 65 from x to y in the 
graph of Figure 20.11b. 

b) Based on these flows, construct simple squared rectangles of orders nine and 
ten. 


x 
DB 


Fig. 20.11. Construct squared rectangles of orders nine and ten from these graphs 
(Exercise 20.6.1) 


20.6.2 The vertical graph of a squared rectangle R is the horizontal graph of the 
squared rectangle obtained by rotating R through 90 degrees. If no point of R is 
the corner of four constituent squares, show that the horizontal and vertical graphs 
of R are planar duals. 

(R.L. Brooks, C.A.B. Smiru, A.H. STONE, AND W.T. TUTTE) 


ee 


20.6.3 Show that the constituent squares in a squared rectangle have commensu- 
rable sides. 


20.6.4 A perfect cube is a cube dissected into a finite number of smaller cubes, no 
two of the same size. Show that there exists no perfect cube. 


20.6.5 


a) The Fibonacci numbers F;, i > 1, are the integers satisfying the initial condition 
F, = Fy =1 and the recurrence relation F; = F;_1 + Fj;-2, 1 > 3. A dissection 
of the plane into squares which uses exactly one square of side F; for each i > 1 
is called a Fibonacci tiling. Find such a tiling. 

b) Using (a), find a dissection of the plane into squares, no two of the same size. 
(Henle and Henle (2006) have described a dissection of the plane into squares 
using exactly one square of each integral dimension.) 
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20.7 Random Walks on Graphs 


A random walk on a simple undirected graph G is a walk on G whereby, when 
it reaches a vertex v, the edge along which to travel next is chosen at random, 
the d(v) edges incident with v being equiprobable. If its initial vertex is x, the 
walk is called a random x-walk. A classical example of such a walk, on the n- 
dimensional integer lattice Z” (the cartesian product of n two-way infinite paths), 
is the Drunkard’s Walk. 


Example 20.24 THE DRUNKARD’S WALK 

The two-dimensional integer lattice Z? (depicted in Figure 1.27) represents an 
infinite system of streets. A drunkard sets out from home, one of the vertices. 
What is the probability that he eventually returns home, assuming that he takes a 
random walk? Pélya (1921) proved that this probability is one, in other words, that 
the drunkard is sure to get back home eventually (despite his inebriated state). 
On the other hand, in a random walk on the three-dimensional lattice Z°, this 
probability is strictly less than one; with positive probability, the drunkard will 
stray farther and farther from home. 


HITTING, COMMUTE, AND COVER TIMES 


Doyle and Snell (1984) discovered that certain basic properties of random walks 
on graphs depend principally on the effective resistances of the graphs, regarded as 
electrical networks. This phenomenon, which at first sight seems quite surprising, 
can perhaps be understood by imagining the trajectory of an electron in a network 
as a random walk. It is illustrated by the following theorem. A random z-walk is 
said to hit a vertex y when it reaches y, and to return to x when it reaches x after 
hitting at least one other vertex. 


Theorem 20.25 Let x and y be distinct vertices of a simple connected graph G. 
The probability P, that a random x-walk on G hits y before returning to x is given 


by 
1 


d(x) tay 


Proof For v € V \ {x}, denote by P, the probability that a random v-walk on G 
hits y before hitting x. Then P, = 1, and 


P= 


1 
Po= ayy 2a Pon veV\ {y} 


that is, 
d(v)P, — S> Py =0, vEeV\{y} 


where the summations are over all vertices w in N(v) \ {x}. 
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Let N be the matrix derived from the conductance matrix C := MMt by set- 
ting to zero all nondiagonal entries in the column corresponding to x and replacing 
the row corresponding to y by the unit vector consisting of a one on the diagonal 
and zeros elsewhere. Let P be the vector (P, : uv € V). We assume that the first 
and last vertices in the indexing of MMt*, N and P are z and y, respectively. Then 


0 d(x) * * 

0 0 * 
NP= |. where N= : LLt 

0 0 

1 00: 0 1 


where L = M,, (the asterisks denoting unspecified values). By Cramér’s Rule, 


_ —det NG 
“det N 


where Nj is the matrix obtained from N by deleting the first column (corre- 
sponding to x) and the last row (corresponding to y). But this is identical to the 
submatrix of MM¢ obtained by deleting its first column and last row. Therefore 
—det N@ is a cofactor of MM* and hence is equal to t(G) = det KK* by Corol- 
lary 20.16. Because det N = d(x) det LL*, we have 


det KK*t 1 


"~~ d(x)det LLt d(x) try 


We illustrate the proof of Theorem 20.25 with the graph of Figure 20.4. This 
graph and its associated matrix N are shown in Figure 20.12. 


| uuw iy 
pil C=l 7G 
@|@ 4211-1 
Cos Bet Si 
w/0-1-1 3 0 
y/0 0001 
G N 


Fig. 20.12. A graph G and its associated matrix N 
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The corresponding system of equations is: 
4P,— P,- Py —-— Py =0 


Py +38, Py — Py = 
— P,- Pot 3Py = 


with solution P, = 7/16, P, = 1/2, PB, = 5/8, By = 3/8, B, = 1. From a 
previous computation, r,, = 8/7. Because d(x) = 2, this confirms the formula 
P, =1/(d(x) rey) of Theorem 20.25. 

Another connection between random walks and electrical networks was discov- 
ered by Nash-Williams (1959). The hitting time Hzy is the expected number of 
steps taken by a random z-walk before hitting vertex y. The commute time Czy 
between x and y is defined by 


Coy = Agy + Aye (20.16) 
(Note that, in general, Hz, # Hy,; see Exercise 20.7.3.) 


Theorem 20.26 Let x and y be distinct vertices of a simple connected graph G. 
The commute time between x and y is given by 


Coy = 2Mrgy 


Proof The hitting time satisfies the linear system 


1 
Hyy = , Foi t Hey), vEeV\(y} (20.17) 


For z € {x,y} and v € V \ {z}, denote by f,, the current flow in G from v to z of 
value d(v), and set 
ie = > Jee 


vEV\{z} 


The net flow out of v in f,, is d(v), whereas the net flow out of v in fuy, where 
u # v, is zero. Therefore, the net flow out of v in fy is d(v), v € V \ {y}, and the 
net flow into y is} ,cy\ ty} Uv) = 2m—d(y). Denote by Vy the voltage drop from 
v to yin fy. The current in fy between adjacent vertices v and w is equal to the 
voltage drop between v and w, that is V,, — Vy, and the sum of these quantities 
over all neighbours w of v is the net flow out of v, namely d(v). Thus the voltage 
drops V,,, v € V \ {y}, satisfy the linear system 


S> (Vay — Vu) = a(v), vEV \ {y} (20.18) 
we N(v) 
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System (20.17) can be rewritten as 
d(v) Hoy ~ | Huy = dv), ve V \ {y} 
and system (20.18) can be rewritten as 


d(v)Voy — S| Vwy =v), VEV \ {y} 


where the summations are over all vertices w in N(v) \ {y}. Thus the H,, and 
the V,,, satisfy the same system of equations. Moreover, this system has a unique 
solution, because its matrix M,M/j, is nonsingular (M,, is a Kirchhoff matrix, so 
has rank n — 1). It follows that H,, = Vu, for all v € V \ {y}. 

Consider, now, the current flow fy — fz. Here, the net flow out of each vertex 
v € V \ {x,y} is d(v) — d(v) = 0, the net flow out of x is 2m, and the net flow 
into y is 2m. Note that the voltage drop between x and y in —f, is the same as 
the voltage drop between y and x in f,, namely Vyz, so the voltage drop between 
x and y in the current flow fy — fxr is Vey + Vyx. By the definition of effective 
resistance, 
me 2m 


and so 


Coy = Hog + Hye = Veu + Von = Ditty 


These computations are illustrated in Figure 20.13, where the functions f, and 
fx, and the current flow fy — fx, are displayed for the graph of Figure 20.12. 
(Observe that the symmetry between x and y in this example is reflected in the 
functions f, and f,.) We have: 


19 17 23 

uy = ee Sy ge Ee oy ay — 
19 Pe i7 

fis =, Ay;z ==, Hugg = —, Aoi = 8 
3 3 3 ¥ 


The commute time between z and y is therefore given by Czy = Hay + Hyz = 
8+8 = 16. Because m = 7 and the effective resistance between x and y, as 
calculated previously, is rz, = 8/7, the above computation agrees with the formula 
Cry = 2mMrzy of Theorem 20.26. 

The cover time of G is defined by C := max{C, : v € V}, where C, is the 
expected number of steps taken by a random v-walk on G to hit every vertex of 
G. A bound on the cover time was obtained by Aleliunas et al. (1979). We derive 
it here from our earlier results. 


Corollary 20.27 The cover time C of a graph G is at most 2m(n— 1). 


20.7 Random Walks on Graphs 555 


w D) Vv 
fy fc fy ~~ Sac 

Fig. 20.13. Computing hitting times: the functions fy, and f,, and the current flow 

fy — fe 


Proof Let T be any spanning tree of G, and let (v = vo, V1,.-., V2n—-2 = v) be the 
sequence of vertices encountered in a walk around T (not a random walk) which 
starts at an arbitrary vertex v and traverses each edge of T once in each direction. 
Consider now a random v-walk on G. By Theorem 20.26 and Corollary 20.23, the 


expected time taken to visit the vertices v,,...,V2,—2 in this order is 
2n—2 
ba TDs, 4, = ye (ey tye) 
i=1 ay€E(T) 
2m 
= DF Cay = 2m D) tey = (G) de tey(G) 
cy€E(T) xy€E(T) xy€E(T) 


This is clearly an upper bound for C,,, and is independent of v. It follows that 


2m 
< —_— < = 

C< (a) S tey(G) < 2m(v—1) 

zy€E(T) 


Exercises 


20.7.1 Compute the hitting times and commute times between all remaining pairs 
of vertices in the example of Figure 20.12. 


ee 


20.7.2 Determine an upper bound on the cover time of an edge-transitive graph 
G in terms of n. 


20.7.3 Let G = PUQ, where P is an ry-path of length k and Q is a complete 
graph on 2k vertices such that PQ = {y}. Determine H,,, Hy, and ray. 
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20.7.4 


a) Prove Theorem 20.25 by the proof technique of Theorem 20.26 (that is, by 
constructing appropriate flows). 

b) Prove Theorem 20.26 by the proof technique of Theorem 20.25 (that is, by 
solving the system (20.17) for Hzy). 


20.8 Related Reading 


RANDOM WALKS ON INFINITE GRAPHS 


The notion of a random walk introduced in Section 20.7 applies equally well to all 
connected locally finite graphs. Let G be such a graph. A basic result in the theory 
of Markov chains implies that either a random a-walk in G returns to its origin 
x with probability one, regardless of the choice of x, in which case G is called 
recurrent, or the probability of return is strictly less than one, in which case G is 
called transient (see Feller (1968)). Polya (1921) showed that the integer lattice Z” 
is recurrent for n = 1,2, and transient for n > 3. (The case n = 2 is the Drunkard’s 
Walk mentioned in Section 20.7.) Nash-Williams (1959) established a far-reaching 
generalization of Polya’s result by providing a characterization of recurrent locally 
finite graphs. In intuitive terms, his theorem says that a connected locally finite 
graph which ‘widens out’ rapidly from a vertex is transient, and one which does 
not is recurrent. 
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Integer Flows and Coverings 
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21.1 Circulations and Colourings 


In Chapter 20, we studied circulations and tensions over fields. In this concluding 
chapter, we return to the same notions, but regarded here as functions defined 
over arbitrary abelian groups. Studying them in this more general setting leads 
to interesting applications on colourings and coverings, and to some of the most 


intriguing unsolved problems of the subject. 
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NOWHERE-ZERO CIRCULATIONS AND TENSIONS 


A function f on the arc set A of a digraph D is nowhere-zero if f(a) # 0 for each 
arc a € A (that is, the support of f is the entire arc set A). Here our interest 
is in nowhere-zero circulations and tensions. As circulations take value zero on 
cut edges and tensions take value zero on loops, we assume that all graphs and 
digraphs considered in this chapter are 2-edge-connected and loopless. We start 
by observing a simple correspondence between nowhere-zero tensions and vertex 
colourings. 


Proposition 21.1 A digraph D is k-vertex-colourable if and only if it admits a 
nowhere-zero tension over Zp. 


Proof Firstly, suppose that D has a proper k-vertex-colouring c : V — Zr. 
Consider the tension g : A — Z;, defined by g(a) := c(u) — c(v) for each arc a := 
(u,v). This tension is nowhere-zero because c is a proper colouring. Conversely, 
let g be a nowhere-zero tension in D over Z,. Obtain a colouring c: V — Zr, 
recursively, as follows. 


> Select an arbitrary vertex x and assign it the colour c(«) := 0. 
> Subsequently, if an arc a links a coloured vertex u and an uncoloured vertex v, 
assign to v the colour 


_ feu)—g(a) if a= (u,v) 
at)t= ee +g(a) ifa=(v,u) 


Using the fact that g is a tension, it can be shown that the resulting colouring c 
is well-defined (Exercise 21.1.1). Furthermore, this colouring is proper because g 
is nowhere-zero. 


In the case of plane digraphs, as Tutte (1954a) observed, one has the following 
dual version of Proposition 21.1. 


Theorem 21.2 A plane digraph D is k-face-colourable if and only if it admits a 
nowhere-zero circulation over Zz. 


Proof By the analogue of Theorem 20.5 for circulations and tensions over Zz, a 
function f : A(D) — Z,, is a circulation in D over Z,, if and only if the correspond- 
ing function f* : A(D*) — Z, is a tension in D*. Face colourings of D correspond 
to vertex colourings of D* (and conversely), thus the assertion follows. 


Figure 21.la shows a face colouring c of an oriented 3-prism by the elements 
of Z4, and Figure 21.1b the resulting nowhere-zero circulation f over Z4, where 
f(a) := c(la) — C(ra) for each arc a (1, and rq being the faces to the left and right 
of a, respectively). 

Observe that whether a digraph has a nowhere-zero circulation over a given 
additive abelian group I’ depends only on its underlying graph (Exercise 21.1.4). 
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Fig. 21.1. (a) a 4-face-colouring of the 3-prism, and (b) the resulting nowhere-zero 
circulation over Z4 


Thus we may simply speak of nowhere-zero circulations in undirected graphs, with- 
out reference to a specific orientation. In the same vein, we often find it convenient 
to refer to arcs as ‘edges’. For example, by virtue of Theorem 21.2, the Four-Colour 
Theorem may be restated as: every planar graph admits a nowhere-zero circulation 
over Z4. 

What can one say about circulations in graphs that are not planar? Not every 
graph has a nowhere-zero circulation over Z4. For example, as we show in The- 
orem 21.11, the Petersen graph has no such circulation. It does, however, have 
nowhere-zero circulations over Z;, for example, the ones shown in Figure 21.2. 
This leads one to ask whether every graph has a nowhere-zero circulation over 
Z, for some k. We show that this is indeed so. In fact, all graphs have nowhere- 
zero circulations over Zg. We prove this theorem by exploiting a close connection 
between circulations and coverings of graphs, as explained in the next section. 


Fig. 21.2. Two nowhere-zero circulations over Zs in the Petersen graph 
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Exercises 


21.1.1 Using Exercise 20.2.5, show that the colouring c defined in the proof of 
Proposition 21.1 is well-defined. 


21.1.2 For any digraph D, show that the number of proper k-colourings of D is k 
times the number of nowhere-zero tensions over Zp. 


21.1.3 For each of the five platonic graphs, find a nowhere-zero circulation over 
Z; with k as small as possible. 


*21.1.4 


a) Let D be a digraph, and let D’ be the digraph obtained by reversing an arc a. 
Show that there is a bijection between the nowhere-zero circulations in D and 
D’ over any additive abelian group I. 

b) Deduce, more generally, that if D and D’ are any two orientations of a graph 
G, there is a bijection between the nowhere-zero circulations in D and D’ over 
any additive abelian group I’. 


21.1.5 MINTY’s FLOW-RATIO THEOREM 

Using Ghouila-Houri’s Theorem (20.10), show that a graph G is k-colourable if 
and only if it has an orientation D such that |C~| < (kK — 1)|C*| for each cycle C 
and both senses of traversal of C. (G.H. MINTY) 
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K-FLOWS 


Observe that the circulation over Z; shown in Figure 21.2b can also be regarded 
as a circulation over Z; that is, the inflow at any vertex is equal to the outflow at 
the vertex, not just equal to it modulo 5. Furthermore, the values taken by the 
circulation all lie between one and four. Such a circulation is called a 5-flow. More 
generally, a nowhere-zero circulation f over Z in a digraph D is a k-flow if 


—(k—1) < f(a) <k-1, forallacA 


(In this context, the term ‘flow’ is commonly used, rather than ‘circulation’; we 
adopt this terminology.) 

If a graph has a k-flow, it clearly also has a nowhere-zero circulation over 
Zr; one may simply regard the flow values as elements of Z;. Surprisingly, the 
converse also holds, as was shown by Tutte (1954a). The proof that we give here 
closely resembles the constructive proof of Hoffman’s Circulation Theorem (20.9) 
in Section 20.3. 
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Theorem 21.3 A graph admits a nowhere-zero circulation over Zy, if and only if 
it admits a k-flow. 


Proof As observed above, if a graph has a k-flow, then it has a nowhere-zero 
circulation over Z,. It remains to prove the converse statement. 

Let G be a graph which has a nowhere-zero circulation over Z;,. Consider an 
orientation D of G, and let f be a nowhere-zero circulation in D over Z,. If we 
regard the elements of Z;, as elements of Z, the function f, although not necessarily 
a flow, has the following properties. 


i) For alla € A, f(a) € {1,2,...,k —1}. 
ii) For all v EV, ft(v) — f-(v) = 0 (mod k), 


where f*(v) — f~(v) is the net flow out of v. Define a vertex v to be positive, bal- 
anced, or negative according as this net flow is positive, zero, or negative. Because 
Suev (ft (v) — f7(v)) = 0 (Exercise 7.1.1a), either all vertices are balanced, in 
which case f is a k-flow, or there are both positive and negative vertices. 

Let us call the quantity 7 cy |f*(v) — f7 (v)| the excess of f. If not all vertices 
are balanced, the excess is positive. In this case, we show how f can be modified to 
a nowhere-zero circulation f’ over Z, which has a smaller excess. Repeating this 
procedure results in a k-flow. 

Consider a positive vertex x, and let X denote the set of all vertices of D 
reachable from x by directed paths. Then 0+(X) = 0, and so 


So (ft (ev) — f-(@)) = ft (X) - F(X) <0 


vEx 


implying that there exists a negative vertex y in X. By the definition of X, there 
is a directed path «Py in D. Let D’ be the digraph obtained from D by reversing 
the direction of all arcs of P, replacing each arc a of P by ‘@, and let f’ be the 
function derived from f by setting f’(@) := k— f(a) ifa € A(P), and f’(a) := f(a) 
otherwise. Then f’ also satisfies the properties (i) and (ii), but the excess of f’ is 
2k less than the excess of f. Iterating this procedure results in a k-flow in G. 


The technique of modifying a circulation f whose excess is positive to a cir- 
culation f’ with smaller excess is illustrated in Figure 21.2. With respect to the 
nowhere-zero circulation over Z5 shown in Figure 21.2a, there is just one positive 
vertex, namely x, and just one negative vertex, namely y, the remaining vertices 
being balanced. The excess of this circulation is ten. Taking P to be the directed 
(a, y)-path of length two, we obtain the digraph D’ and 5-flow f’ shown in Fig- 
ure 21.2b. 


FLOW NUMBER 


By definition, a k-flow in a graph is also a k’-flow for all k’ > k. Tutte (1954a) 
conjectured that there is a positive integer k such that every graph has a k-flow. 
This is true for planar graphs because, by virtue of Theorem 21.3, Theorem 21.2 
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asserts that a 2-edge-connected plane graph G has a k-flow if and only if its dual 
G* is k-colourable, and every planar graph is 4-colourable by the Four-Colour 
Theorem. Jaeger (1976) and Kilpatrick (1975) independently confirmed Tutte’s 
conjecture by showing that every graph has an 8-flow. Shortly thereafter, Seymour 
(1981b) improved upon their bound by showing that every graph has a 6-flow. We 
give proofs of these two theorems in Sections 21.4 and 21.6, respectively. 

The flow number of a graph is defined to be the smallest positive integer k for 
which it has a k-flow. The flow number of a (2-edge-connected) planar graph lies 
between two and four. The Petersen graph has the 5-flow shown in Figure 21.2b, 
but (as already mentioned) no 4-flow, so its flow number is equal to five. 

A k-flow f in a digraph D is positive if f(a) > 0, for all a € A. If a graph has 
a k-flow, then it has a positive k-flow (Exercise 21.2.1). In particular, if G is an 
even graph and D is an even orientation of G, then the flow f in D with f(a) =1 
for all a € A is a positive 2-flow in D. Conversely, any graph which has a 2-flow is 
necessarily even (Exercise 21.2.2). We thus have: 


Theorem 21.4 A graph admits a 2-flow if and only if it is even. 


For any k, the problem of deciding whether a graph G has a k-flow is clearly in 
NP. For k = 3, this problem is in fact \“/P-complete, even when G is planar. This 
follows from Theorem 21.3 and the fact, noted in Chapter 14, that the problem 
of deciding whether a given planar graph is 3-vertex-colourable is “P-complete. 
The following theorem characterizes those cubic graphs which have 3-flows. 


Theorem 21.5 A 2-edge-connected cubic graph admits a 3-flow if and only if it 
is bipartite. 


Proof Let G := G[X,Y] be a bipartite cubic graph. By Theorem 17.2, G is 3- 
edge-colourable, so there exist three disjoint perfect matchings M), M2, and M3 
in G such that EF = M, U Mz U Ms. Orient the edges of M, from X to Y and the 
edges of Mz U M3 from Y to X. The function f : A — {1,2} defined by 


fla) = 2 ifaeM, 
W114 ifa@e MyUMs 


is a 3-flow in G. 

Conversely, let G be a cubic graph with a 3-flow f. Reversing orientations of 
arcs if necessary, we may assume that f is a positive 3-flow. The conservation 
condition now implies that, at any vertex v, either (i) there are two incoming arcs 
carrying a flow of one unit, and one outgoing arc carrying two units, or (ii) there is 
one incoming arc carrying a flow of two units, and two outgoing arcs each carrying 
one unit. Denote by X the set of vertices at which the flow pattern is as in (i), 
and by Y its complement. Then (X,Y) is a bipartition of G. 
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We now turn briefly to another striking analogy between colourings and nowhere- 
zero circulations in graphs. Consider any graph G, and any finite additive abelian 
group I’. Let F(G, I) denote the number of nowhere-zero circulations in G over 
(that is, the number of nowhere-zero circulations over I’ in some fixed orientation 
of G; by Exercise 21.1.4, this number is independent of the orientation). 

For any link e of G, each circulation f’ in G/e is the restriction to E \ e of 
a unique circulation f in G. Therefore, F(G/e,I) is the number of circulations 
f in G which have nonzero values on all edges, except possibly on e. On the 
other hand, each circulation f’ in G \ e is the restriction to E \ e of a unique 
circulation f in G with f(e) = 0, so F(G\e,I) is the number of circulations f in 
G which take nonzero values on all edges in E'\ {e}, and value zero on e. Therefore, 
as Tutte (1954a) observed, the function F'(G,I’) satisfies the following recursion 
formula, reminiscent of the recursion formulae for the number of spanning trees 
(Proposition 4.9) and the chromatic polynomial (14.6). 


Theorem 21.6 For any graph G, any link e of G, and any finite additive abelian 
group I’, 


F(G,T) = F(G/e,l)-F(G\e,) 


By a simple inductive argument similar to the one used to demonstrate that 
the number of k-colourings is a polynomial in hk, one can derive the following 
implication of Theorem 21.6 (Exercise 21.2.4). What is striking here is that F(G, I) 
depends not on the structure of the group I’, but only on its order. 


Theorem 21.7 For any graph G without cut edges, there exists a polynomial 
Q(G,x) such that F(G,I) = Q(G,k) for every additive abelian group I’ of or- 
der k. Moreover, if G is simple and e is any edge of G, then Q(G, x) satisfies the 
recursion formula: 


Q(G, x) = Q(G / e, x) as Q(G \ e, x) 


The polynomial Q(G,x) is known as the flow polynomial of G. An explicit 
expression for the flow polynomial, analogous to Whitney’s expansion formula for 
the chromatic polynomial (see Exercise 14.7.12) is given in Exercise 21.2.13. 


INTEGER FLOWS AND COVERS BY EVEN SUBGRAPHS 


A particularly interesting instance of Theorem 21.7 arises when the order of the 
group I" is a nontrivial product k,k2. In this case, the group I’ may be chosen to 
be either Zy, 45 Or Zp, X Zp, resulting in the following corollary. 


Corollary 21.8 Let G be a graph, and let ky and kz be integers, where k; > 2, 
t=1,2. Then the number of nowhere-zero circulations in G over Zz, k. 18 equal to 
the number of nowhere-zero circulations in G over Zp, X Zag. 
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When combined with Theorem 21.3, Corollary 21.8 provides an important link 
between flows and structural properties of graphs. 


Theorem 21.9 Let G be a graph and let k, and kz be integers, where kj => 2, 
i=1,2. Then G admits a k,k2-flow if and only if G = G, UG2, where G; admits 
a k,-flow, i = 1,2. 


Proof If G has a k,ko-flow, then it has a nowhere-zero circulation over Zz, x2, 
by virtue of Theorem 21.3. By Corollary 21.8, this implies that G has a nowhere- 
zero circulation f := (fi, fo) over Zp, X Zp. Let G; := G[E;], where E; is the 
support of f;, i = 1,2. Then G = G, U Go, because f is nowhere zero. Moreover, 
fi is a nowhere-zero circulation in G; over Zy,, i = 1,2. Appealing once more to 
Theorem 21.3, we conclude that G = G, U Ge, where G; has a k;-flow, 7 = 1,2. 
The converse is proved by reversing the above argument. 


The following consequence of Theorem 21.9 is implicit in the work of Jaeger 
(1976) and Kilpatrick (1975). 


Corollary 21.10 A graph admits a 2*-flow if and only if it admits a covering by 
k even subgraphs. 


Proof Apply Theorem 21.9 recursively, with kj = 2, 1 < i < k, and invoke 
Theorem 21.4. 


Matthews (1978) gave a proof of Corollary 21.10 by describing a bijection 
between 2*-flows and coverings by k-tuples of even subgraphs. 

Corollary 21.10 implies, in particular, that a graph has a 4-flow if and only if it 
has a covering by two even subgraphs. In the case of cubic graphs, this condition 
may be expressed in terms of edge colourings because a cubic graph has a covering 
by two even subgraphs if and only if it is 3-edge-colourable (Exercise 17.3.4a). 
Thus, as a consequence of the case k = 2 of Corollary 21.10, we have: 


Theorem 21.11 A cubic graph admits a 4-flow if and only if it is 3-edge- 
colourable. 


The Petersen graph, being cubic but not 3-edge-colourable, therefore has no 
4-flow. As noted earlier, this implies that its flow number is equal to five. 

The foregoing discussion reveals a close connection between cycle covers and 
integer flows in graphs. Jaeger (1985) found a still stronger link, between orientable 
cycle double covers and integer flows. Recall that a cycle double cover of a graph is 
orientable if its members can be oriented as directed cycles so that, taken together, 
they traverse each edge once in each direction. For instance, the cycle double cover 
of the cube given in Figure 3.8 is orientable, as shown in Figure 21.3. A double 
cover by even subgraphs is likewise said to be orientable if its members can be 
decomposed to form an orientable cycle double cover. Jaeger (1985) proved the 
following theorem. 
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Fig. 21.3. An oriented cycle double cover of the cube 


Theorem 21.12 Every graph which admits an orientable double cover by k even 
subgraphs admits a k-flow. 


Proof Let {C; : 1 < i < k} be an orientable double cover of G by k even 
subgraphs and let f; be the positive 2-flow on an even orientation D; of C;. Now 
consider a fixed orientation D of G and, for 1 <i <k, let g; denote the function 
on A(D) such that 
fila), ifae A(D;) 
g(a) := § —fi(a), if We A(D,) 
0, otherwise 


where “@ denotes the arc obtained by reversing the orientation of a. Then g := 
Soe, igi is a k-flow on G. 


Exercises 


*21.2.1 Show that: 


a) if a graph G has a k-flow, then some orientation of G has a positive k-flow, 
b) a connected digraph has a positive k-flow for some k > 1 if and only if it is 
strongly connected. 


*21.2.2 Show that any graph which admits a 2-flow is even. 


21.2.3 Let G be a 2-edge-connected graph, and let e be an edge of G. If G\ e has 
a k-flow, show that G has a (k + 1)-flow. (C.Q.ZHANG) 


*21.2.4 Deduce from Theorem 21.6 that, for any graph G, the function F(G, I) 
is a polynomial in the order of I’. 


21.2.5 Show that every hamiltonian graph has a 4-flow. 
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21.2.6 Determine the flow polynomials of: 


a) the wheel W,,, n > 3, 
b) the complete graph Ks. 


*21.2.7 Let G be a graph and let k, and kz be integers, where k; > 2,71 = 1,2. 
Prove that G has a k,k2-flow if and only if there is a subgraph F' of G such that 
F has a ky-flow and G/ F has a k2-flow. 


ee 


21.2.8 Using Hoffman’s Circulation Theorem (20.9), show that a graph G admits 
a k-flow if and only if it has an orientation D such that d~(X) < (k — 1)d*(X) 
for all subsets X of V. 


21.2.9 A (k+1)-regular graph is (k,1/)-orientable if it has an orientation in which 
each indegree (and each outdegree) is either k or I. 


a) Suppose that k > J. Show that a loopless (k + 1)-regular graph G is (k,1)- 
orientable if and only if there is a partition (X,Y) of V such that, for every 
subset S' of V, 

a(S) 2 (k-1)(|S0 X| — |S YI) 


b) Deduce that every (k,/)-orientable graph, where k > I, is also (k — 1,1 + 1)- 
orientable. 


21.2.10 Let f be a positive k-flow on a digraph D. Set S:= {a € A: f(a) = k-1}. 


a) i) Show that there is a (k—1)-flow f’ on D\S such that f’(a) = f(a) (modk— 
1) for allae A\ S. 
ii) Deduce that there is a positive 2-flow on D whose support contains S. 
b) Deduce from (a) that f can be expressed as a sum of k — 1 positive 2-flows on 
(C.H.C. LirTLe, W.T. TUTTE, AND D.H. YOUNGER) 


21.2.11 a) Show that if G and ZH are disjoint, then Q(GUH, x) = Q(G, x)Q(H, 2). 
b) Deduce that the flow polynomial of a graph is equal to the product of the flow 
polynomials of its components. 


21.2.12 


a) Let D be a digraph, T a maximal forest of D, and I a finite additive abelian 
group. Show that any mapping from A(D) \ A(T) to I’ extends to a unique 
circulation in D over I. 

b) Deduce that the number of circulations in D over I’ is k™~"*°, where k is the 
order of I’. 


21.2.13 


a) Let a be an arc of a digraph D. Show that: 
i) a function on A\a is a circulation in D/a if and only if it is the restriction 
to A\ a of a circulation in D, 
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ii) if a is a link of D and f’ is a circulation in D/a, then there is a unique 
circulation f in D such that f’ is the restriction of f to A \ a. 

b) Let G be a graph and let I be an additive abelian group of order k. For a 
subset S' of E, let c(S) denote the number of components of the spanning 
subgraph of G with edge set S. 

i) Show that the number of nowhere-zero circulations in G over I" is equal 
to ecg Ele), 
ii) Conclude that Q(G,2) = Nocp(-1L)™ HlalSl-"te),  (W.T. Turre) 


21.3 Tutte’s Flow Conjectures 


Tutte (1954a, 1966b, 1972) proposed three celebrated conjectures on integer flows. 
They are arguably the most significant problems in the whole of graph theory. 


THE FIVE-FLOW CONJECTURE 


Conjecture 21.13 Every 2-edge-connected graph admits a 5-flow. 


If true, then by Theorems 21.2 and 21.3 this conjecture would be a general- 
ization of the Five-Colour Theorem (11.6). There has been essentially no progress 
on this problem. Theorem 21.12 suggests the following conjecture, formulated in- 
dependently by Archdeacon (1984) and Jaeger (1988), which is a common gen- 
eralization of the Five-Flow Conjecture and the Cycle Double Cover Conjecture 
(3.9). 


Conjecture 21.14 Every 2-edge-connected graph admits an orientable double 
cover by five even subgraphs. 


The second of Tutte’s three conjectures seeks to generalize the Four-Colour 
Conjecture. 


THE FOUR-FLOW CONJECTURE 


Conjecture 21.15 Every 2-edge-connected graph with no Petersen graph mi- 
nor admits a 4-flow. 
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For cubic graphs, this conjecture has been proved by N. Robertson, D. Sanders, 
P. D. Seymour and R. Thomas}, using a similar approach to the one employed to 
establish the Four-Colour Theorem (described in Section 15.2). By Theorem 21.11, 
this special case is equivalent to yet another conjecture of Tutte (1966b), namely 
that every 2-edge-connected cubic graph with no Petersen graph minor is 3-edge- 
colourable. 

Tutte’s third conjecture, if true, would generalize Grétzsch’s Theorem (15.10). 


THE THREE-FLOW CONJECTURE 


Conjecture 21.16 Every 2-edge-connected graph without 3-edge cuts admits 
a 3-flow. 


Although Tutte’s flow conjectures are about 2-edge-connected graphs, all three 
may be restricted to 3-edge-connected graphs (Exercise 21.3.5). Moreover, because 
the Three-Flow Conjecture only concerns graphs without 3-edge cuts, it can be 
reformulated as: every 4-edge-connected graph admits a 3-flow. It is not even known 
whether there exists any integer / such that every k-edge-connected graph admits 
a 3-flow. This weaker version of the Three-Flow Conjecture was proposed by Jaeger 
(1979). However, as we prove in Section 21.5, every 4-edge-connected graph has a 
4-flow. 


Exercises 


21.3.1 Let G be a graph and let G’ be a graph obtained from G by splitting off 
two edges. Show that if G’ admits a k-flow then so does G. 


ee 
21.3.2 


a) Let G be a 2-edge-connected graph with no 3-edge cut, and let v be a vertex 
of G whose degree is not equal to five. Show that some pair of edges incident 
with v may be split off so that the resulting graph is 2-edge-connected and has 
no 3-edge cut. 

b) Deduce that the Three-Flow Conjecture (21.16) is equivalent to the statement 
that every 4-edge-connected 5-regular graph has a 3-flow. 


21.3.3 Show that every 2-edge-connected graph with no /3,3-minor admits a 4- 
flow. 


' The proof consists of five papers by various subsets of these authors, of which only 
one, Robertson et al. (1997b), has so far appeared in print. 
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21.3.4 Let G be a 2-edge-connected graph and let (X,Y) be a nontrivial partition 
of V. Show that: 


G/X,x)-Q(G/Y,z) 


Q(G,x) = & a if d(X) =2 
_ G1 X,2)-QG/¥.2) ge ayy 
Q(G,z) = fo NG 2) f d(X) =3 


(K. SEKINE AND C.-Q. ZHANG) 


*21.3.5 Show that: 


a) it suffices to prove the Three-Flow, Four-Flow, and Five-Flow Conjectures for 
3-edge-connected graphs, 

b) for k > 6, every 2-edge-connected graph admits a k-flow if and only if every 
3-edge-connected graph admits a k-flow. 


21.3.6 Let k be a positive integer. A digraph D is said to be (modk)-balanced if 
d~(v) = d*(v) (mod k). Show that: 


a) the Three-Flow Conjecture is true if and only if every 4-edge-connected graph 
admits a (mod 3)-balanced orientation, 

b) the Five-Flow Conjecture is true if and only if every 8-edge-connected graph 
admits a (mod 5)-balanced orientation. (F. JAEGER) 


21.4 Edge-Disjoint Spanning Trees 


In the previous section, we saw that a graph has a 2*-flow if and only if it has a 
covering by k even subgraphs (Corollary 21.10). This prompts one to ask which 
graphs have coverings by few even subgraphs. For instance, a graph which con- 
tains a Hamilton cycle or two edge-disjoint spanning trees has such a covering 
(Exercises 4.3.9 and 4.3.10). 

Motivated by the latter observation, we consider here the problem of deter- 
mining the maximum possible number of edge-disjoint spanning trees in a graph. 
According to Theorem 4.6, a graph has a spanning tree if and only if it is con- 
nected, that is, if and only if O(X) 4 0 for every nonempty proper subset X of V. 
Thus a graph has a spanning tree if and only if, for every partition of its vertex 
set into two nonempty parts, there is an edge with one end in each part. Gen- 
eralizing this result, we present a necessary and sufficient condition for a graph 
to contain k& edge-disjoint spanning trees, where & is an arbitrary positive inte- 
ger. This fundamental structural theorem, found independently by Nash-Williams 
(1961) and Tutte (1961a), has a number of important applications, in particular 
to flows. These are described in the next section. 
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Recall that the graph obtained from a graph G by shrinking a subset X of the 
vertex set V of G is denoted G/X. We may extend this shrinking operation 
to partitions of V, as follows. Given a partition P = {Vi,V2,...,Vp} of V into 
nonempty parts, we shrink P by shrinking each set V;, 1 <7 < p, and we denote 
the resulting p-vertex graph by G/P. Note that G/P might have multiple edges, 
even if G is simple, but not loops. 

Suppose now that G is connected, and consider a spanning tree T of G and a 
partition P of V. Because T is connected, so is T /P. Therefore, e(T'/P) > |P|—1, 
where |P| denotes the number of parts of P. Moreover, if G has k edge-disjoint 
spanning trees, then this inequality is valid for each of them, and so e(G/P) > 
k(|P| — 1). Consequently, a necessary condition for a graph G to have k edge- 
disjoint spanning trees is that this inequality hold for all partitions P of V. What 
Nash-Williams and Tutte proved is that this condition is also sufficient. The proof 
we give here is due to Frank (1978). 


Theorem 21.17 THE NASH-WILLIAMS—TUTTE THEOREM 
A graph G has k edge-disjoint spanning trees if and only if, for every partition P 
of V into nonempty parts, 


e(G/P) > k(|P| —1) (21.1) 


Proof We have already shown that (21.1) is a necessary condition for G to have 
k edge-disjoint spanning trees. It remains to establish its sufficiency. We do so 
by proving that if condition (21.1) holds, then some orientation of G has k edge- 
disjoint spanning branchings rooted at some vertex x. By virtue of Theorem 19.13, 
it suffices to show that G has an orientation D satisfying condition (19.6). On 
taking complements, we may state this condition in the equivalent form: 


d-(X)>k, for every nonempty subset X of V \ {x} (21.2) 


Because no family of k edge-disjoint spanning trees can use more than k parallel 
edges, we may assume that each edge of G has multiplicity at most k. 

Let G be a graph which satisfies (21.1) but does not satisfy (21.2) for any a € V. 
Subject to these conditions, let its maximum degree A be as large as possible, and 
consider a vertex x of degree A in G. Note that x is joined to some vertex y by 
fewer than k edges, for if x were joined to every other vertex by k edges, the desired 
orientation would clearly exist. We add a new edge e to G joining x and y, and 
set G’ := G+e. 

Observe that G’ satisfies (21.1). Therefore, by the choice of G, the graph G’ has 
an orientation D’ such that dp,(X) > k for every nonempty subset X of V \ {a}. 
We may assume that x is a source of D’, because no arc entering x can lie in 
an a-branching. We denote by a the arc of D’ obtained by orienting e, and by Y 
the set of all vertices reachable from y by means of directed paths in D’. Setting 
Y :=V\Y, we have x € Y, because x is a source of D’, andy € Y. 
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Call a nonempty subset X of V \ {x} critical if d5,(X) = k. We claim that any 
critical set X that meets Y is a subset of Y. Suppose, to the contrary, that both 


XY and XY are nonempty (see Figure 21.4). 
Y Y Y Y Y Y 
‘Li __ 
¥ Il] x 7 x| | 
Youm}—o £ 
(a) (0) (c) 


Fig. 21.4. (a) k arcs entering X NY, (b) the case y € X NY, (c) the case ye XNY 


By the definition of Y, every arc that enters X MY must enter from XNY (see 
Figure 21.4a). There are at least k such arcs because dp,(XNY) > k. Ifye XNY, 
then the arc a = (a,y) is in 05,(X) also (Figure 21.4b). And if y € X NY, at 
least one arc enters the nonempty set X NY from X MY, by the definition of Y 
(Figure 21.4(c)). In either case, d5,(X) > k, contradicting the assumption that X 
is critical. We conclude that XY CY. 

To complete the proof, we consider two cases. 


Case 1: There exists a vertex z in Y which belongs to no critical set. (This means 
that d,5,(X)) > k for every subset X of V \ {x} which contains z.) Because y € Y, 
there exists a directed (y,z)-path P in D’. The digraph D obtained from D’ by 
reversing the arcs of P and deleting the arc a is an orientation of G satisfying 
condition (21.2) (Exercise 21.4.2). 
Case 2: Every vertex of Y is contained in a critical set. As in the proof of Edmonds’ 
Branching Theorem (19.13), one may show that the union of intersecting critical 
sets is critical (Exercise 21.4.1). Because every vertex of Y is contained in a critical 
set, and every critical set which meets Y is a subset of Y, the maximal critical sets 
contained in Y form a partition {Y1, Yo,...,¥p,—1} of Y. Without loss of generality, 
we may assume that y € Yj. 

Now set Y, := Y, and consider the partition P = {Y1, Y2,...,Y,} of V. Because 
Y1, Yo,..., Yp—1 are critical sets, d,,(Yi) = k for 1 <i < p—1. Thus d,(¥i) = k-1, 
and d,(Y;) = k for 2 <i<p-—1. Finally, by the definition of Y, d5(Y,) = 0. We 


now have: 
Pp 


e(G/P) = S70 dp(¥i) = kp - 1) -1< A(\P|-1) 


i=1 


contradicting (21.1). 
The following corollary is due to Polesskii (1971). 
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Corollary 21.18 Every 2k-edge-connected graph contains k edge-disjoint span- 
ning trees. 


Proof Let G be a 2k-edge-connected graph and let P := {Vi,V2,...,Vp} bea 
partition of V. The number edges from V; to the other parts of P is d(V;) and, 
since G is 2k-edge-connected, d(V;) > 2k, 1<i< p. Thus 


e(G/P) = 5 avi) = kp > k(|P| — 1) 


i=l 


By Theorem 21.17, G has k edge-disjoint spanning trees. 


Exercises 


*21.4.1 Show that the union of two intersecting critical sets is critical. 


*21.4.2 In Case 1 of the proof of Theorem 21.17, verify that the orientation D of 
G satisfies condition (21.2). 


21.4.3 


a) According to Theorem 21.17, a graph G has a spanning tree if and only if 
e(G/P) > |P|—1 for every partition P of V into nonempty parts. Show that 
this condition holds if and only if it holds for all partitions P of V into two 
nonempty parts. 

b) For some integer k > 2, give an example of a graph G which satisfies condition 
(21.1) for all partitions P of V into two nonempty parts, but which does not 
have k edge-disjoint spanning trees. 


21.4.4 Describe a polynomial-time algorithm which accepts any graph G as input 
and returns either a family of k edge-disjoint spanning trees of G or a partition P 
of G which fails condition (21.1). Determine the complexity of your algorithm. 


ee 


21.4.5 Show that a graph G has an orientation D with dt(v) < k for all v € V if 
and only if e(X) < k|X| for all X CV. (A. FRANK AND A. GyARFAs) 


21.4.6 ARBORICITY 
The arboricity of a graph is the least number of forests into which it can be 
decomposed. 


a) By appealing to Exercises 19.4.4 and 21.4.5, show that a graph G has arboricity 
at most k if and only if e(X) < k(|X|— 1) for all nonempty subsets X of V. 

(C.StT.J.A. NASH-WILLIAMS) 

b) Deduce that every simple planar graph can be decomposed into three forests. 
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21.4.7 Let G be a 4-edge-connected graph. 


a) Show that G has an eulerian spanning subgraph. (C. THOMASSEN) 

b) Deduce from (a) and Exercise 3.3.6 that the line graph of G is hamiltonian. 

c) Let m1, me2,..., mx be positive integers whose sum is m. Deduce from (b) that 
G admits a decomposition into k connected subgraphs, of sizes m1, M2,..., Mk. 


21.5 The Four-Flow and Eight-Flow Theorems 


By exploiting the relationship between spanning trees and even subgraphs de- 
scribed in Corollary 4.12, and applying the results of the preceding section, Jaeger 
(1976) and Kilpatrick (1975) derived two fundamental theorems on integer flows, 
the Four-Flow Theorem and the Eight-Flow Theorem. For notational clarity, we 
identify trees with their edge sets. 


Theorem 21.19 Every 4-edge-connected graph admits a covering by two even sub- 
graphs. 


Proof Let G be a 4-edge-connected graph. By Corollary 21.18, G has two edge- 
disjoint spanning trees, hence (Exercise 4.3.10) a covering by two even subgraphs. 


Corollary 21.10 and Theorem 21.19 now yield: 


Theorem 21.20 THE FouR-FLOW THEOREM 
Every 4-edge-connected graph admits a 4-flow. 


The proof of the Eight-Flow Theorem proceeds along similar lines, but requires 
a more subtle argument. 


Theorem 21.21 Every 2-edge-connected graph admits a covering by three even 
subgraphs. 


Proof It suffices to prove the assertion for 3-edge-connected graphs (Exer- 
cise 21.5.1). Thus let G be a 3-edge-connected graph. Denote by H the graph 
obtained by duplicating each edge of G. Being 6-edge-connected, H has three 
edge-disjoint spanning trees, by Corollary 21.18. These trees correspond to three 
spanning trees of G, T,, Tz, and T3, such that T, 172973 = 0. By Corollary 4.12, 
there exist even subgraphs C,, C2, and C3 such that C; > E'\ T;, i = 1,2,3. Thus 


CL, UC,UC3 2 (E\T,)U(E\ Th) U(E\ Ts) = E\ TNE NT3) =F 


in other words, {C), C2, C3} is a covering of G. 


Theorem 21.21 combined with Corollary 21.10 yields: 


Theorem 21.22 THE EIGHT-FLOW THEOREM 
Every 2-edge-connected graph admits an 8-flow. 
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UNIFORM COVERS BY EVEN SUBGRAPHS 


Theorems 21.19 and 21.21 also yield conditions for the existence of uniform covers 
by even subgraphs. The link between coverings and uniform covers is provided by 
the following proposition. 


Proposition 21.23 If a graph admits a covering by k even subgraphs, then it 
admits a 2*-1-cover by 2* —1 even subgraphs. 


Proof Let {C,,C2...,C,} be a covering of a graph G by k even subgraphs, and 
let e be an edge of G that belongs to 7 of these subgraphs, without loss of generality 
C1, C2,...,C;. Then e belongs to all the even subgraphs A{C; : i € S}, such that 
SC {1,2,...,k} and |S {1,2,...,7}| is odd. There are 2*-1 such subgraphs. 
Therefore 
{A{C; i € S$: SC {1,2,...,k},S AO} 
is a 2*-!_cover of G by 2* — 1 even subgraphs. 
The case k = 2 of Proposition 21.23 (or Exercise 3.5.4a), combined with The- 


orem 21.19, implies the truth of the Cycle Double Cover Conjecture for 4-edge- 
connected graphs. 


Theorem 21.24 Every 4-edge-connected graph admits a double cover by three even 
subgraphs. 


The same approach, using Theorem 21.21, yields the following result of Bermond 
et al. (1983) (see, also, Exercise 3.5.4b). 


Theorem 21.25 Every 2-edge-connected graph admits a quadruple cover by seven 
even subgraphs. 


Exercises 


*21.5.1 Suppose that every 3-edge-connected graph has a covering by three even 
subgraphs. Show that every 2-edge-connected graph also has such a covering. 


21.5.2 Let G be a 2-edge-connected graph which has no k-flow. Show that there 
exists an essentially 4-edge-connected cubic graph H with v(H) + e(H) < v(G) + 
e(G) which has no k-flow. 


21.5.3 


a) Let G be an essentially 4-edge-connected cubic graph and let C be a 2-factor 
of G which is not a Hamilton cycle. Show that the graph obtained from G by 
contracting the edges of C' is 4-edge-connected. 

b) Using (a) and Exercise 21.5.2, derive the Eight-Flow Theorem (21.22) from 
the Four-Flow Theorem (21.20). 
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21.6 The Six-Flow Theorem 


We present here a proof of Seymour’s Six-Flow Theorem (Seymour (1981b)), and 
also an elegant application of this theorem to uniform covers by even subgraphs, 
due to Fan (1992). For notational clarity, we identify even subgraphs with their 
edge sets. 

The Six-Flow Theorem is proved by showing that every 3-edge-connected graph 
G contains an even subgraph C such that the graph G /C has a nowhere-zero cir- 
culation over Z3; equivalently, G has a circulation over Z3 whose support includes 
E\ C (see Exercise 21.2.7). The notion of the 2-closure of a subgraph plays a key 
role in establishing this property. 

Let S be a set of edges of a graph G. The 2-closure of S is the (unique) maximal 
subset of F obtained from S by recursively adding edges, one or two at a time, 
subject to the condition that the edge or edges added at each stage form a cycle 
with some of the edges of the subset constructed up to that stage. For example, 
in the Petersen graph, the 2-closure of a 5-cycle is just the edge set of the cycle 
itself, whereas the 2-closure of a 9-cycle is the entire edge set. 


Lemma 21.26 Let S be a set of edges of a graph G whose 2-closure is the entire 
set FE. Then there exists a circulation in G over Z3 whose support includes E \ S. 


Proof The proof is by induction on |E \ S|, the result being trivial when S = EL. 
Assume that S$ is a proper subset of E. By hypothesis, there is a cycle C in G such 
that 1 < |C\ S| < 2. Set S’ := SUC. Then |E'\ S’| < |E\ S| and the 2-closure 
of S’ is E. Let D = (V,A) be an orientation of G in which C is a directed cycle. 
By the induction hypothesis, there is a circulation f in D over Z3 whose support 
includes A\ S’. Let fo be a circulation in D over Z3 such that fo(e) := life € C, 
and fc(e) := 0 otherwise. Then one of f, f+ fo, f — fc is a circulation in G over 
Z3 whose support includes E \ S' (Exercise 21.6.3). 


Lemma 21.27 Every 3-edge-connected graph G contains an even subgraph C 
whose 2-closure is E. 


Proof Let C be an even subgraph of G such that: 


i) the subgraph H of G induced by the 2-closure of C' is connected, 
ii) subject to (i), C is as large as possible. 


We may assume that H is not a spanning subgraph of G. Otherwise, by the 
definition of 2-closure, H = G and the assertion holds. Let kK be a component of 
G — V(#). Note that no vertex of K is adjacent to two vertices of H (again by 
the definition of 2-closure). Because 6(G) > 3, we therefore have d(A’) > 2, so the 
endblocks of K are 2-connected. 

Consider a maximal 2-edge-connected subgraph F' of K containing one of these 
endblocks. Because G is 3-edge-connected, F' is linked to H by two (or more) edges 
The ends of these edges in F’' are distinct because no vertex of K is adjacent to 
two vertices of H, and these ends are connected by two edge-disjoint paths in F 
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by the edge version of Menger’s Theorem (7.17). Let S be the union of the edge 
sets of these paths. Then C'U S$ contradicts the choice of C. 


The above proof of Seymour’s Lemma 21.27 is due to Younger (1983). 


Theorem 21.28 THE SIX-FLOW THEOREM 
Every 2-edge-connected graph admits a 6-flow. 


Proof By Exercise 21.3.5b, it suffices to prove the theorem for 3-edge-connected 
graphs. Let G be such a graph. By Lemma 21.27, G contains an even subgraph 
C whose 2-closure is FE. Let D be an orientation of G, f; a circulation in D over 
Zz whose support is C, and f2 a circulation in D over Z3 whose support includes 
E\C; such a circulation f2 exists by Lemma 21.26. Then (1, f2) is a nowhere-zero 
circulation in D over Zp x Zs. By Corollary 21.8 with k; = 2 and ky = 3, G hasa 
nowhere-zero circulation over Zg. Theorem 21.3 now implies that G has a 6-flow. 


SEXTUPLE COVERS BY EVEN SUBGRAPHS 


We now give the application by Fan (1992) of the Six-Flow Theorem to uniform 
covers by even subgraphs. 


Theorem 21.29 Every 2-edge-connected graph admits a sextuple cover by ten even 
subgraphs. 


Proof It suffices to prove the theorem for 3-edge-connected graphs (Exercise 
21.6.4). Let G be such a graph. By Lemma 21.27, G contains an even subgraph C 
whose edge set has 2-closure FE. Consider an orientation D of G whose restriction 
to C is even, and let f’ be the circulation in D over Z3 defined by f’(e) := 1 for 
e€ C, and f’(e) := 0 fore € E\ C. By Lemma 21.26, D has a circulation f over 
Z3 whose support contains FE \ C. Set 


S;:= {ee C: f(e) =i(mod 3)} 


so that (So, $1, S2) is a partition of C. Then f —if’ is a nowhere-zero circulation in 
G; := G\S; over Zs, so there is a 3-flow f; in G;, i = 0,1, 2, by Theorem 21.3. Note 
that each edge of C lies in two of the three subgraphs G; and each edge of EF \ C 
lies in all three of them. We may regard f; as a 4-flow in G;. Theorem 21.21 then 
implies that G; has a double cover by three even subgraphs C; := {Ci1, Ci2, Cis}. 
Thus C := Cy UC2 UCz is a collection of nine even subgraphs of G which together 
cover each edge of C four times and each edge of F \ C six times. It follows that 
D:={CAC':C' €C} is a collection of nine even subgraphs of G which together 
cover each edge of C’ five times and each edge of F \ C six times. Now CUD isa 
sextuple cover of G by ten even subgraphs. 


The complement of a perfect matching in a cubic graph is an even subgraph. 
Using this relationship between perfect matchings and even subgraphs, Fulkerson’s 
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Conjecture (17.6) may be restated as: every 2-edge-connected cubic graph has a 
quadruple cover by six even subgraphs. Jaeger (1988) observed that the following 
more general statement is equivalent to Fulkerson’s Conjecture (Exercise 21.6.5). 


JAEGER’S CONJECTURE 


Conjecture 21.30 Every 2-edge-connected graph admits a quadruple cover 
by six even subgraphs. 


By Theorem 21.25, this assertion is true if six is replaced by seven. On the 
other hand, it is not even known whether there is any integer k such that every 
2-edge-connected graph has a 2k-cover by 3k even subgraphs. Such an integer must 
be even, because the Petersen graph has no 2k-cover by 3k even subgraphs when 
k is odd (Exercise 21.6.6). In particular, the Petersen graph has no sextuple cover 
by nine even subgraphs. In this sense, Theorem 21.29 is sharp. 


Exercises 


*21.6.1 Show that the 2-closure is well-defined. 


21.6.2 Find an example of a 2-edge-connected graph G which contains no even 
subgraph with 2-closure E. 


*21.6.3 . In the proof of Lemma 21.26, show that one of the functions f, f+ fo, 
f — fc is a circulation in G over Z3 whose support includes E \ S$ 


*21.6.4 Let &k and / be positive integers. Suppose that every 3-edge-connected 
graph has an [-cover by & even subgraphs. Show that every 2-edge-connected graph 
has such a cover. 


ee 


21.6.5 Show that Fulkerson’s Conjecture (17.6) and Jaeger’s Conjecture (21.30) 
are equivalent. 


21.6.6 Show that the Petersen graph has no 2k-cover by 3k even subgraphs if k 
is odd. 
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21.7 The Tutte Polynomial 


A function on the class of all graphs is called a graphical invariant if it takes the 
same value on isomorphic graphs. The connectivity and stability number are exam- 
ples of graphical invariants, as are the chromatic polynomial and flow polynomial. 

Tutte (1947c) showed that several important graphical invariants satisfy two 
simple and natural recursion rules. Consider, for example, the number of maximal 
spanning forests of a graph G. Let us denote this number by f(G). Now a sub- 
graph of a graph G is a maximal spanning forest if and only if it is a union of 
spanning trees of the components of G. A consequence of the recursion formula for 
the number of spanning trees of a graph (Proposition 4.9) is that f satisfies the 
following identities. 


f(i@ =f(G\e)+f(G/e) ifeisalink of G (21.3) 


f(GUA) = f(G)f(A) if Gand Z are disjoint (21.4) 


The chromatic and flow polynomials also satisfy (21.4) (Exercises 14.7.7 and 
21.2.11). Moreover, even though they do not quite satisfy (21.3), they can be made 
to do so by a minor adjustment of signs. Indeed, the polynomials (—1)"P(G, x) 
and (—1)"~"Q(G, x) satisfy both (21.3) and (21.4) (Exercise 21.7.1). 

Tutte (1947c) showed that there is a two-variable polynomial with the remark- 
able property that every invariant which satisfies (21.3) and (21.4), and appropriate 
initial conditions, is an evaluation of that polynomial. This fundamental result has 
far-reaching ramifications, with applications to diverse areas of mathematics. 

We denote by Ly, the graph consisting of one vertex and m incident loops; 
thus Lo = Ky and Ly is the loop graph. Tutte (1947c) proved that any graphical 
invariant which satisfies (21.3) and (21.4), and takes its values in a commutative 
ring, is determined by the values it takes on the graphs L,,, m > 0. As an ex- 
ample of such an invariant, he introduced a two-variable polynomial obtained by 
combining the expression for the chromatic polynomial due to Whitney (1932b) 
with its analogue for nowhere-zero flows (see Exercises 14.7.12 and 21.2.13). This 
polynomial differs by a multiplicative factor of (—1)°(@ from a polynomial now 
commonly known as the Whitney (rank) polynomial. We give here a definition of 
this latter polynomial as it lends itself more easily to generalizations in other areas 
of mathematics such as matroid theory. 

For a given graph G, the Whitney polynomial of G, denoted by W(G; x,y), is 
defined by the expression 


W(G; x, y) oe x G)yy |S|—v(G)+ce(S) 
SCE 


where c(S') is the number of components of the spanning subgraph of G' with edge 
set S. 

As an example, consider the m-bond B,,, the graph consisting of two vertices 
joined by m links, m > 1; for instance, By = Kz and Bz is the 2-cycle. The 
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term of W(Bm;x,y) corresponding to S = @ is 22~ty®-2+? = zg. If S is any 
subset of E(B,,) of cardinality i, 1 <i <m, the spanning subgraph of B,, with 
edge set S is connected, and so the term of W(B,;2,y) corresponding to S is 

I~lyt—2+1 — y'~1!_ Thus the Whitney polynomial of B,, is given by 


oy 
m m\ ;_ 
W(Bmi x,y) =2+ >> ("")y : 

i=1 


Tutte (1954a) introduced a polynomial which is obtained by a simple mod- 
ification of the Whitney polynomial. He called it the dichromate. This polyno- 
mial, now known as the Tutte polynomial and denoted T(G; x,y), is defined by 
T(G;2,y) := W(G;a2 —1,y—1). Thus 


T(G2,4) = Yo (e- YO y— 5-H) +18) 
SCE 


Although the two polynomials W(G; x, y) and TG; x, y) encode the same infor- 
mation about the graph G, the Tutte polynomial tends to have smaller coefficients. 
For example, it may be verified (Exercise 21.7.2a) that 

T(Brs2,y) = yy 7 te ty taety 

The following theorem lists various basic properties of the Tutte polynomial. 
Theorem 21.31 The Tutte polynomial T(G; x,y) has the following properties. 
> T(Loe,y)=1, TBiyz,y)=2, TUij2,y) =y- 


> Ife is a loop of G, 
T(G; x,y) =y- T(G\ e2,y) 


> Ife is a cut edge of G, 
T(Gi2,y) =2-T(G/ex,y) 
> Ife is neither a loop nor a cut edge of G, 
T(G;2,y) =T(G\e;2,y)+T(G/e2,y) 
> IfG,,Go,...,Gx are the blocks of G, 


k 
T(G;2,y) = [[ (Gis, y) 


i=l 


What makes the Tutte polynomial so special is that it is a universal invariant 
in the sense of the following theorem, due to Tutte (1948a) and rediscovered by 
Brylawski (1972). 
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Theorem 21.32 Let f be a graphical invariant which takes values in a commuta- 
tive ring R, is multiplicative on the blocks of the graph, and satisfies f(Lo) = 1, 
the unit element of R. Suppose, furthermore, that f(B,) =x and f(L1) = y, and 
that: 


> f(G)=y-f(G\e) ife is a loop of G, 

> f(G)=a- f(G/e) ife is a cut edge of G, 
> =6f(G\ 2). + f(G/e) otherwise. 

Then f(G) = T(G; x,y). 


We leave the proofs of Theorems 21.31 and 21.32 as an exercise (21.7.6). 
Evaluations of the Tutte polynomial at certain special values of x and y are 
given in the table of Figure 21.5. For convenience, the graph G is assumed to be 
connected; there are analogous results for disconnected graphs. The formula for 
the number of acyclic orientations is due to Winder (1966) and, independently, 
Stanley (1973), and the formula for the dimension of the intersection of the cycle 
and bond spaces is due to Rosenstiehl and Read (1978). We leave the verification 


of these evaluations to the reader (Exercise 21.7.5). 
T(G;1,1) number of spanning trees 
T(G; 1, 2) number of connected spanning subgraphs 
T(G; 2,1) number of spanning forests 
T(G; 2,0) number of acyclic orientations 
T(G;-1,-1) (-1)** (2) 
T(G;1— 2,0) (—1)"-1P(G, 2) 
T(G;0,1—2) (-)™""'Q(G, 2) 


Fig. 21.5. Special evaluations of the Tutte polynomial of a connected graph G 


As mentioned earlier, the importance of the Tutte polynomial extends to many 
other areas of mathematics. For example, a well-known polynomial in knot the- 
ory, the Jones polynomial, is closely related to the Tutte polynomial. The article 
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by Brylawski and Oxley (1992) provides an excellent survey of applications of 
the Tutte polynomial. For an account of the computational aspects of the Tutte 
polynomial, we refer the reader to Welsh (1993). 


Exercises 


21.7.1 Verify that (—1)"P(G, x) and (—1)™""Q(G, x) satisfy (21.3) and (21.4). 
21.7.2 Verify the following results. 


a) For the m-bond Bm, T(Bmjz,y) =y"™ 1 +y™72+...¢y2+at+y. 
b) For the n-cycle Cn, T(Cn3z,y) =a" 1 +a"? 4+...4a% +24. 


c) For any tree G on n vertices, T(G;x,y) = 2""!. 


21.7.3 For the two nonisomorphic graphs G and H in Figure 21.6, show that 
T(G; x,y) = TH; 2, y). 


G A 
Fig. 21.6. Nonisomorphic graphs with the same Tutte polynomial 


21.7.4 Let G be a plane graph, and let G* be its dual. Show that T(G;z,y) = 
T(G*;y, 2). 


21.7.5 Verify the entries in the table of Figure 21.5. 


2 
21.7.6 Supply proofs of Theorems 21.31 and 21.32. 
21.7.7 Show that the Tutte polynomial is reconstructible. 


21.7.8 Let f be a graphical invariant which takes values in a commutative ring 
R, is multiplicative on the blocks of the graph, and satisfies f(A 1) = 1, the unit 
element of R. Suppose that f(B,) = x and f(£1) = y, and that there exist nonzero 
elements r and s of R such that: 


> f(G)=y-f(G \e) if e is a loop of G, 
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> f(G)=a- f(G/e) if e is a cut edge of G, 
> f(G)=r-f(G\e)+s- f(G@/e) otherwise. 


Show that f(G) =r™—-"*1s"-17(G; 2/s,y/r). (J. OXLEY AND D.J.A. WELSH) 


21.7.9 THE RELIABILITY POLYNOMIAL 

Let G be a connected graph and let G, be a random spanning subgraph of 
G obtained by retaining each edge independently with probability p € [0,1) (or 
deleting it with probability g := 1—p). Denote by R(G, p) the probability that G, 
is connected. Show that R(G,p) = p"-tq™—"*!T(G;1,1/q). 

(If G represents a communication network and gq denotes the probability of failure 
of a link, then R(G,p) is the probability of communications remaining possible 
between all centres. For this reason, R(G, p) is known as the reliability polynomial 
of G.) 


21.8 Related Reading 


Several of the concepts and theorems covered in this chapter have natural general- 
izations to matroids. 


PACKING BASES IN MATROIDS 


Edmonds (1965a) showed that a matroid M defined on a set E has k disjoint bases 
if and only if 
kr(S)+|E\ S|>kr(B) forall SCE 


When this theorem is applied to the cycle matroid of a graph, one obtains the Nash- 
Williams—Tutte Theorem (21.17). It can be derived from Rado’s generalization of 
Hall’s Theorem mentioned in Section 16.6, but Edmonds’ proof has the advantage 
that it gives rise to a polynomial-time algorithm. 


THE ‘TUTTE POLYNOMIAL FOR MATROIDS 


Crapo (1969) observed that with any matroid one may associate a two-variable 
polynomial analogous to the Tutte polynomial for graphs. As with graphs, it is 
convenient to define first the Whitney polynomial of a matroid M on a set E: 


W(M32,y) = So a ®)-"S)yr"B)-r (25) 
SCE 


The Tutte polynomial of M can then be obtained from the Whitney polynomial 
by a change of variables, as in the case of graphs. The Tutte polynomial of the 
cycle matroid of a graph is simply the Tutte polynomial of the graph. For a survey 
of applications of Tutte polynomials of matroids, see Brylawski and Oxley (1992). 


Appendix A 


Unsolved Problems 


Our first book Graph Theory with Applications included a list of fifty unsolved 
problems.! Many have since been settled, notably the Four-Colour and Perfect 
Graph Conjectures. But several other basic problems, such as the Reconstruction 
and Five-Flow Conjectures, remain unresolved. 

We present here an updated selection of interesting unsolved problems and 
conjectures; statements of conjectures are set in italics. A number of them have 
been discussed in detail in the text. In such cases, a reference to the problem or 
conjecture is included. In other instances, where appropriate, pertinent exercises or 
theorems from the book are indicated. A more detailed discussion of the problems 
and conjectures listed here may be found on the book’s web page. 

Proving and conjecturing, as Paul Erdos was fond of saying, is an integral part 
mathematical activity. He did plenty of both in his life! The article by Chung 
(1997) contains many of Erdés’s favourite problems. Another excellent source of 
unsolved problems is Jensen and Toft (1995). 


Reconstruction 


1. (Conjecture 2.19) Every simple graph on at least three vertices is reconstructible. 
KELLY (1942) 


2. (Conjecture 2.23) Every simple graph on at least four edges is edge-reconstructible. 
Harary (1964) 


3. If two infinite graphs are hypomorphic, then each is isomorphic to an induced 
subgraph of the other. [Exercise 4.2.10] HALIN (1970) 


4. Every simple graph on five or more vertices is reconstructible from its vertex- 
switchings. [Exercise 2.7.19] STANLEY (1985) 


' S. GC. Locke of Florida Atlantic University maintains a web site which contains infor- 
mation on the status of these fifty problems. 
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Subgraphs 


5. Every simple graph G with at least ae) edges has at least cn’) pe) labelled 
copies of every fixed bipartite graph F, where c ~ 1 (that is, at least as many 
copies as the random graph with the same number of vertices and edges as G.) 
[Exercise 13.2.6] SIDORENKO (1991) 


6. Is there an integer d such that the vertices of any strict digraph with minimum 
outdegree d can be partitioned into two classes so that the minimum outdegree of 
the subgraph induced by each class is at least two? ALON (1996) 


Coverings, Decompositions, and Packings 


7. Every simple connected graph on n vertices can be decomposed into at most 
4(n +1) paths. [Exercise 2.4.5b] T. GALLAI, SEE LovAsz (19688) 


8. Every simple even graph on n vertices can be decomposed into at most $(n— 1) 
cycles. [Exercise 2.4.5a] G. HaJos, SEE LovAsz (19688B) 


9. Every regular tournament can be decomposed into directed Hamilton cycles. 
P.J. KELLY, SEE Moon (1968) 


10. (Conjecture 3.9) Every graph without cut edges has a cycle double cover. 
FOLKLORE (ROBERTSON (2007)); SZEKERES (1973); SEYMOUR (1979B) 


11. (Conjecture 3.11) Every simple graph on n vertices without cut edges has a 
double cover by at most n —1 cycles. Bonpy (1990) 


12. Every 2-edge-connected graph has a double cover by at most five even subgraphs 
[Exercise 3.5.3]. PREISSMANN (1981) 


13. Let G be a loopless even graph of minimum degree four, and let W be an Euler 
tour of G. Then G admits a decomposition into cycles none of which contains two 
consecutive edges of W. [Exercise 3.3.7] 

G. SABIDUSSI 1975, SEE FLEISCHNER (1990) 


14. Every simple k-regular graph has linear arboricity [(k+1)/2]. [Theorem 13.19] 
AKIYAMA ET AL. (1981), HILTON (1982) 


15. Let G and H be simple graphs on n vertices such that (A(G) +1)(A(H) +1) < 
n+1. Then K, contains edge-disjoint copies of G and H. 
CATLIN (1974); BOLLOBAS AND ELDRIDGE (1978) 


16. Does every 3-connected cubic graph on 3k vertices admit a partition into k 
paths of length two? KELMANS (2005) 
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Complexity 


17. (Conjecture 8.2) PANP 
J. EDMONDS 1966, Cook (1971), LEVIN (1973) 


18. (Conjecture 8.3) P=NPMco—NP EDMONDS (1965c) 


19. Is the following problem in P? 


GIVEN: a cubic graph G and a Hamilton cycle in G, 
FIND: a second Hamilton cycle in G. 
[Exercise 18.4.1] CHROBAK AND POLJAK (1988) 


20. Is the following problem in co-VP? 


GIVEN: a graph G and two k-subsets X and Y of V, 
DECIDE: do there exist k internally disjoint (X,Y )-paths of odd length in G? 
THOMASSEN (1980) 


Connectivity 


21. There is an integer-valued function f(k) such that if G is any f(k)-connected 
graph and x and y are any two vertices of G, then there exists an induced xy-path 
P such that G—V(P) is k-connected. 

L. LovAsz, SEE KAWARABAYASHI ET AL. (2007) 


22. Let G be a graph and T a set of vertices in G any two of which are connected 
by 2k edge-disjoint paths. Then there are k edge-disjoint trees in G all of which 


contain T. [Corollary 21.18] KRIESELL (2003) 

23. Every 2k-connected digraph contains a spanning k-connected oriented subdi- 

graph. THOMASSEN (1989) 
Embeddings 


24. (Conjecture 21.14) Every 2-edge-connected graph has an orientable double 
cover by five even subgraphs. ARCHDEACON (1984), JAEGER (1988) 


25. Every simple planar graph G has an induced forest on at least n/2 vertices. 
ALBERTSON AND BERMAN (1979) 


26. Every planar oriented graph can be partitioned into two induced acyclic sub- 
graphs. - 
NEUMANN-LARA (1985), R. SKREKOVSKI 2001, SEE BOKAL ET AL. (2004) 
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27. Every 5-connected nonplanar graph contains a Ks5-subdivision. [Exercise 10.5.14] 
P.D. SEYMouR 1974, SEE SEYMOUR (2007); A.K. KELMANS 1979, SEE 
KELMANS (1993) 


28. Every 6-connected graph with no Kg-minor has a vertex whose deletion results 
in a planar graph. JORGENSEN (1994) 


29. No graph with more edges than vertices has a thrackle embedding. [Exercise 
10.1.11] J.H. Conway c.1968, SEE WOODALL (1971) 


30. Every simple planar graph admits a straight-line embedding with integer edge 
lengths. KEMNITZ AND HARBORTH (2001) 


Extremal Problems 


31. If G is simple and m > n(k — 1)/2, then G contains every tree with k edges. 
[Exercise 4.1.9] P. Erpés AND V.T. SOs 1963, SEE ERDOs (1964) 


32. There exists a positive constant c such that ex(n, C2) > en tlk [Exercise 
12.2.14| Erp6s (1971) 


33. If G has at most k edge-disjoint triangles, then there is a set of 2k edges whose 
deletion destroys every triangle. Zs. TuZA 1981, SEE TuzA (1990) 


34. If G is a simple triangle-free graph, then there is a set of at most n?/25 edges 
whose deletion destroys every odd cycle. ERDOS ET AL. (1988) 


Ramsey Numbers 


35. Give a constructive proof that r(k,k) > c* for some c > 1 and all k > 1. 
[Theorem 12.8] ERDOS (1969) 


36. Does the limit limz_...(r(k, k))'/* exist? If so, determine its value. 
P. ErpDos 1947, SEE ERDOs (1961B) 


37. For every tree T on n vertices, r(T,T) < 2n—2. BURR AND ERpD6Os (1976) 


38. For every simple graph F’, there is a positive constant € := €(F') such that 
every simple graph G which contains no induced copy of F has either a stable set 
or a clique of cardinality n°. ERDOS AND HAJNAL (1989) 
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Vertex Colourings 


39. (Conjecture 15.11) Every k-chromatic graph has a Kj,-minor. 
HADWIGER (1943) 


40. Does a k-chromatic graph necessarily contain a K,-subdivision when k = 5 
and k = 6? [Exercise 15.4.3] CATLIN (1979) 


41. Every 2k-chromatic digraph contains a copy of every oriented tree on k + 1 
vertices. [Theorem 4.5] Burr (1980) 


42. Every graph which can be decomposed into k complete graphs on k vertices is 
k-colourable. P. ERDOS, V. FABER, AND L. LovAsz 1972, SEE ERDOs (1976) 


43. Every graph which can be decomposed into k — 1 complete bipartite graphs is 
k-colourable. [Theorem 2.8] 
N. ALON, M. SAKS, AND P.D. SEYMOUR, SEE KAHN (1994) 


44. The chromatic number of the weak product of two graphs is equal to the lesser 
of their chromatic numbers: x(G x H) = min {y(G), x(H)}. [Exercise 14.1.18] 
A. KoTzIG, AND HEDETNIEMI (1966) 


45. Let G be a k-chromatic graph which contains no k-clique, and let ky + kg be a 
partition of k+1 with ky, kg > 2. Then there are disjoint subgraphs G, and Go 
of G such that G; is k;-chromatic, i = 1,2. [Exercise 16.3.13] 

L. LovAsz 1968, SEE ERDOs (1968) 


46. The union of a 1-degenerate graph (a forest) and a 2-degenerate graph is 5- 
colourable. M. TARSI, SEE KLEIN (1994) 


A7. For any graph G, x < [(w+A+1)/2]. [Equation (14.2), Theorem 14.4, 
Exercise 14.1.14] REED (1998) 


48. Every triangle-free graph of infinite chromatic number contains every finite 
tree as an induced subgraph. GyArFAS (1975) 


49. Every nonempty graph which contains no induced odd cycle of length five or 
more admits a 2-vertex-colouring with no monochromatic maximum clique. 
HoANG AND McDIARMID (2002) 


50. If x > (n—1)/2, then xr = x. OHBA (2002) 


51. There is a constant c such that the list chromatic number of any bipartite graph 
G is at most clog A. [Exercise 14.5.6] ALON (2000) 


52. The absolute values of the coefficients of a chromatic polynomial form a uni- 
modal sequence. READ (1968) 
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Colourings of Embedded Graphs 


53. Every planar graph without 4-cycles or 5-cycles is 3-colourable. [Discharging, 
Section 15.2] R. STEINBERG 1977, SEE STEINBERG (1993) 


54. Every toroidal graph has three vertices whose deletion results in a 4-colourable 
graph. [Section 15.5] ALBERTSON (1981) 


55. Determine the chromatic number of the unit distance graph. [Exercise 14.1.20] 
E. NELSON 1950, SEE JENSEN AND TOFT (1995), P.150 


Matchings 


56. There is a constant c > 1 such that every 2-edge-connected cubic graph G has 
at least c” perfect matchings. [Exercise 16.2.26] 
LovAsz AND PLUMMER (1986), P.314 


57. (Conjecture 17.6) Every 2-edge-connected cubic graph admits a double covering 
by six perfect matchings. FULKERSON (1971) 


Edge Colourings 
58. If G is a loopless graph and x’ > A+1, then 


x= max { ae :H CG, v(H) odd, v(H) > 3} 


[Exercise 17.2.2] GOLDBERG (1974), SEYMOUR (1979A) 


59. Every d-regular simple graph on n vertices, with n even and d > n/2, is d- 
edge-colourable. HILTON (1989) 


60. (Conjecture 17.8) Every k-edge-colourable simple graph is k-list-edge-colourable. 
[Theorem 17.10] VARIOUS AUTHORS, SEE HAGGKVIST AND CHETWYND (1992) 


61. Every simple graph G has a total colouring in A +2 colours. 
VIZING (1964), BEHZAD (1965) 


62. Given any proper edge colouring of a graph G, one can obtain a proper edge 
colouring of G in x’ colours by means of a sequence of alternating path and cycle 
exchanges. VIZING (1965) 


63. Every simple graph G admits a proper (A + 2)-edge-colouring such that the 
union of any two colour classes is acyclic. FIAMCIK (1978) 
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Paths and Cycles in Graphs 


64. For k > 3, there exists no graph in which each pair of vertices is connected by 
a unique path of length k. [Theorem 3.1] Korzic (1979) 


65. Every longest cycle in a 3-connected graph has a chord. 
C. THOMASSEN 1976, SEE THOMASSEN (1997A) 


66. In a k-connected graph, where k > 2, any two longest cycles have at least k 
vertices in common. [Exercise 5.1.5] S. SMITH, SEE GROTSCHEL (1984) 


67. Every 3-connected cyclically 4-edge-connected cubic graph on n vertices con- 
tains a cycle of length at least cn, where c is a positive constant. 
J.A. BONDY, SEE FLEISCHNER AND JACKSON (1989) 


68. Every graph in which any two cycles of length k or more intersect has a set of 
k, vertices which meet all such cycles. BIRMELE (2003) 


69. Do any three longest paths in a connected graph have a vertex in common? 
[Exercise 2.2.13a] GALLAI (1968B) 


Paths and Cycles in Digraphs 


The digraphs here are assumed to be strict, that is, without loops or multiple 
arcs. 


70. Every oriented graph in which each vertex has outdegree at least k contains a 
directed path of length 2k. S. THOMASSE 2005, SEE SULLIVAN (2006) 


71. Every strong oriented graph in which each vertex has indegree and outdegree 
at least k contains a directed cycle of length at least 2k +1. JACKSON (1981) 


72. Every positively weighted strong digraph (D,w) such that w~(v) > 1 and 
wt(v) > 1 for allv € V contains a directed cycle of weight at least one. 
[Exercise 2.5.9] BoLLoBAS AND Scott (1996) 


73. Every digraph of girth g in which each vertex has outdegree at least k has at 
least k(g —1) +1 vertices. [Exercise 2.2.20] CACCETTA AND HAGGKVIST (1978) 


74. Every digraph in which each vertex has outdegree at least k contains k directed 
cycles Ci,...,Ch such that C; meets Gey 6? in at most one verter, 2<j <k. 
HOANG AND REED (1987) 


75. Every digraph in which each vertex has outdegree at least 2k — 1 contains k 
disjoint directed cycles. BERMOND AND THOMASSEN (1981) 


76. Every digraph with at least one directed cycle has an arc whose reversal reduces 
the number of directed cycles. ADAM (1964) 
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77. Every digraph has a stable set meeting all longest directed paths. 
[Theorem 14.5, Exercise 19.2.5] LABORDE ET AL. (1983) 


78. Every oriented graph has a vertex with at least as many second outneighbours 
as (first) outneighbours. [Exercise 4.1.18] 
P.D. SEYMouR 1995, SEE BONDy (1997) 


Hamilton Paths and Cycles in Graphs 


79. Every 3-connected cubic bipartite planar graph is hamiltonian. [Theorem 18.2, 
Exercise 18.2.5] BARNETTE (1969), A. KELMANS AND M. LoMoNnosov 1975 


80. Every 4-connected claw-free graph is hamiltonian. [Exercise 18.3.16] 
MATTHEWS AND SUMNER (1984) 


81. Every 4-regular 4-polytope is hamiltonian. 
D.W. BARNETTE, SEE GRUNBAUM (1970), P.1145 


82. Every prism over a 3-connected planar graph is hamiltonian. 
KAISER ET AL. (2007) 


83. (Conjecture 18.14) Every simple 4-regular graph with a Hamilton cycle has a 
second Hamilton cycle. SHEEHAN (1975) 


84. (Conjecture 18.18) Every 4-connected graph with a Hamilton cycle has a sec- 
ond Hamilton cycle. FLEISCHNER (2007) 


85. Every prism over a 3-connected cubic planar graph admits a Hamilton decomp- 
osition. ALSPACH AND ROSENFELD (1986) 


86. Every cubic planar graph with exactly three Hamilton cycles contains a tri- 
angle. CANTONI (1950), SEE ALSO NINCAK (1974), TUTTE (1976) 


87. Does every connected vertex-transitive graph have a Hamilton path? 
LovAsz (1970) 


88. Every Cayley graph is hamiltonian. 
T.D. PARSONS, SEE WITTE AND GALLIAN (1984) 


89. All but a finite number of vertex-transitive connected graphs are hamiltonian. 
[Exercise 18.1.12] C. THOMASSEN 1976, SEE BERMOND (1978) 


90. There exists a positive integer k such that every k-tough graph is hamiltonian. 
[Exercise 18.1.22] CHVATAL (1973) 


91. Is there a hypohamiltonian graph of minimum degree at least four? [Exercise 
18.1.16] THOMASSEN (1978) 
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92. There is no bipartite hypotraceable graph. [Exercise 18.1.17]. 
GROTSCHEL (1978) 


Coverings and Packings in Directed Graphs 


93. (Conjecture 19.6) Let D be a digraph and P a k-optimal path partition of D. 
Then there is a partial k-colouring of D orthogonal to P. BERGE (1982) 


94. (Conjecture 19.19) In every digraph, the maximum number of disjoint transver- 
sals of directed cuts is equal to the size of a smallest directed cut. 
WOODALL (1978) 


Integer Flows 


95. (Conjecture 21.13) Every 2-edge-connected graph has a 5-flow. 
TUTTE (1954A) 


96. (Conjecture 21.15) Every 2-edge-connected graph with no Petersen minor has 
a 4-flow. TUTTE (1966B) 


97. (Conjecture 21.16) Every 2-edge-connected graph without 3-edge cuts has a 3- 
flow. W.T. TuTTE 1972, SEE BONDY AND Murty (1976), P.252 


98. Every 4k-edge-connected graph admits a balanced orientation mod (2k + 1). 
[Exercise 21.3.6] JAEGER (1984) 


Hypergraphs 


99. Every simple 3-uniform hypergraph on 3n vertices which contains no complete 
3-uniform hypergraph on four vertices has at most $n?(5n — 3) edges. [Exercise 
12.2.6] TuRAN (1941) 


100. Every simple 3-uniform hypergraph on 2n vertices which contains no complete 
3-uniform hypergraph on five vertices has at most n2(n—1) edges. [Exercise 12.2.6] 
TurRAN (1941) 
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General Mathematical Notation 


(2, P) 


probability space 


C(X,Y) covariance of random variables 


Dn 


dihedral group on n elements 
expectation of random variable 
sphere with k& cross-caps 

probability of event 

projective plane of order q 

sphere with & handles 

symmetric group on n elements 
variance of random variable 
indicator random variable of event 
sample space 

natural logarithm 

negation of boolean formula 
negation of boolean variable 

field 

set of nonnegative integers 

field of real numbers 

field of rational numbers 

restriction of matrix to column set S 
ring of integers 

ring of integers modulo n 

equivalent boolean formulae 
asymptotically faster-growing function 
asymptotically slower-growing function 
asymptotically equivalent functions 
disjunction of boolean formulae 
conjunction of boolean formulae 
tensor product 

partial order 
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vector with all entries 1 
identity matrix 

matrix with all entries 1 
incidence vector of set X 
trace of matrix 


11 
11 
11 
65 
83 


Graph Parameters 


Most notation common to graphs and digraphs is listed only for graphs 


A(G,x) — adjacency polynomial 380 
C(G,k) number of k-colourings 386 
F(G,I) number of nowhere-zero circulations over group 562 
P(G,xz) — chromatic polynomial 387 
Q(G,x) — flow polynomial 563 
T(G;a2,y) Tutte polynomial 579 
W(G;2,y) Whitney polynomial 578 
A(G) maximum degree 7 
A*(D) — maximum outdegree 32 
A~(D) — maximum indegree 32 
O(G) Shannon capacity 297 
a’(G) matching number 201 
a(D) stability number of digraph 506 
a(G) stability number 189 
a*(G) fractional stability number 200 
a**(G) optimal value of clique constraint LP 202 
B'(G) edge covering number 198 
B(G) covering number 296 
V"(G) total chromatic number 470 
x'(G) edge chromatic number 451 
x'*(G) fractional edge chromatic number 470 
x, (G) list edge chromatic number 466 
x(D) chromatic number of digraph 361 
x(G) chromatic number 358 
(7) weak chromatic number of hypergraph 364 
x*(G) fractional chromatic number 389 
x1 (G) list chromatic number 378 
Xe(G) circular chromatic number 390 


626 


Graph Parameters 


d(G) minimum degree 

5*(D) minimum outdegree 

d~(D) minimum indegree 

7(G) orientable genus 

k/(G) edge connectivity 

k(G) connectivity 

o(G) number of odd components 

u(G) multiplicity 

v(H) packing number of hypergraph 
w(G) clique number 

m(D) path partition number of digraph 
m(G) path partition number 

cr(G) rectilinear crossing number 

7(H) transversal number of hypergraph 
0(G) thickness 

a(D) size of digraph 

c(G) number of components 

d(G) average degree 

e(G) size 

f(G) number of faces of embedded graph 
m size (of graph G or digraph D) 

n order (of graph G or digraph D) 


r(G,G) Ramsey number 


t(G) number of spanning trees 
t(G) number of triangles 

tey(G) number of spanning trees containing edge xy 
v(G) order 

w(F) weight of subgraph 

w(d) weight of outdegree sequence 
(7) number of copies of graph F 
aut(G) number of automorphisms 
cr(G) crossing number 

la (G) linear arboricity 

pm(G) number of perfect matchings 


|G — H| number of embeddings in graph H 


Operations and Relations 


D* 

FXG 
FCG 
FCG 
Fi AF, 
GOH 
G2H 
GUH 
GRH 
G/X 


directed dual of planar digraph 

minor 

proper subgraph 

subgraph 

symmetric difference of spanning subgraphs 
intersection 

isomorphism 

union 

strong product 

shrinking of set of vertices 


G / {x,y} identification of two vertices 


G/e 


contraction of edge 

shrinking of partition of vertex set 
deletion of set of edges 

weak product 

join 

cartesian product 

disjoint union 

addition of set of edges 

deletion of set of vertices 
deletion of vertex 

composition 

deletion of edge 

dual of planar graph 

kth power 

proper supergraph 

supergraph 

dual of hypergraph 

blocker of hypergraph 
contraction of element of matroid 
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Operations and Relations 


M\e deletion of element of matroid 


M* dual of matroid 

P=XQ _ polynomially reducible problem 
wr set of forward arcs of walk 

w- set of reverse arcs of walk 

e(v) level of vertex in rooted tree 

D complement of strict digraph 
G complement of simple graph 

vi cotree of spanning tree 

D converse of digraph 


f(v) time of incorporation of vertex into DFS-tree 
f*(X) | sum of f-values on outcut 

f-(X) | sum of f-values on incut 

I(v) time of last visit to vertex in DFS 

p(v) predecessor of vertex in rooted tree 

t(v) time of incorporation of vertex into BFS-tree 
ut successor of vertex on path or cycle 

v~ predecessor of vertex on path or cycle 


284 
115 
178 
82 

82 

137 
53 

10 

110 
33 

140 
158 
158 
140 
136 
137 
483 
483 


Families of Graphs 


BGy 


boolean lattice on n elements 

m-bond 

cycle of order n 

fan of order n 

polarity graph 

Kneser graph of m-subsets of n-set 
complete graph of order n 

complete k-uniform hypergraph of order n 
complete bipartite graph on m and n vertices 
graph on one vertex with m loops 

path of order n, length n — 1 

generalized Petersen graph 

n-cube 

regular tree of countably infinite degree 
Turan graph of order n with k parts 
wheel with n spokes 

set of graphs in G,, with a k-clique 

de Bruijn-Good digraph 


CD(S) Cayley digraph of group 
CG(LI, S) Cayley graph of group 
Ex (n, Ff’) extremal F-free graphs 


Paley graph of order q 
Paley tournament of order q 
shift graph of order (3) 
Schrijver graph of m-subsets of n-set 
Stockmeyer tournament of order 2” 


TGrim theta graph with paths of lengths k, 1, m 
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matroid with ground set E and basis set B 


weighted graph 


114 
50 


geometric configuration, point set P, line set £ 21 


tree decomposition 

tree representation of chordal graph 
digraph with vertex set V and arc set A 
graph with vertex set V and edge set E 


hypergraph with vertex set V and edge set F 


partially ordered set (poset) 

block tree 

condensation of digraph 

digraph 

associated digraph 

digraph of poset 

digraph with two distinguished vertices 
graph 

underlying graph of digraph 

rooted graph 

graph with two distinguished vertices 


bipartite graph with bipartition (X,Y) 
line graph 

cycle matroid 

medial graph of plane graph 

matching polytope 

bond matroid 

network with source x and sink y 
rooted tree 

orientation 

planar embedding of planar graph 


239 
237 
31 
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Gr ym 
Gn sp 


tension space of digraph 

bond space 

tension space of digraph over field 
circulation space of digraph 

cycle space 

circulation space of digraph over field 

edge space 

labelled simple graphs on n vertices 

random graph of order n and size m 
random graph of order n, edge-probability p 


Aut(G) automorphism group 
PM(G) perfect matching polytope 
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bipartition 

are set (of digraph D) 

arc set of digraph 

set of arcs induced by set of vertices 

set of arcs from one subset to another 
blue vertices of tree 

edge cut associated with edge of tree 
fundamental bond with respect to edge of tree 
fundamental cycle with respect to edge of cotree 
commute time of random walk 

edge set (of graph G) 

edge set 

set of edges induced by set of vertices 
set of edges linking two sets of vertices 
set of faces of embedded graph 

induced subgraph 

hitting time of random walk 

set of outneighbours of vertex in digraph 
set of in-neighbours of vertex in digraph 
set of neighbours of vertex 

red vertices of tree 

set of uncovered vertices 

vertex set (of graph G or digraph D) 
vertex set of digraph 

vertex set 

voltage drop between vertices 

chromatic number of surface 
coboundary of subgraph 

coboundary of set of vertices 

boundary of face in embedded graph 


4 
31 
31 
62 
62 
437 
231 
111 
110 
553 
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outcut associated with set of vertices 

incut associated with set of vertices 

index of regularity of pair of sets of vertices 
index of regularity of partition of vertex set 
number of arcs induced by set of vertices 
number of arcs from one subset to another 
size of minimum separating edge cut 

Euler characteristic of surface 3’ 

capacity or cost of arc in network 

least size of cut separating two given vertices 
number of covers by family of graphs 
degree of set of vertices 

density of bipartite subgraph 

degree of face in embedded graph 
outdegree of set of vertices 

outdegree of vertex in digraph 

indegree of set of vertices 

indegree of vertex in digraph 

degree of vertex 

distance between two vertices 

number of edges induced by set of vertices 
number of edges linking two sets of vertices 
sum of f-values of elements of set 
circulation associated with cycle in digraph 
signed incidence vector of path in digraph 
tension associated with bond in digraph 
index of cycle 

face to left of arc in plane digraph 

local edge connectivity between x and y 
local connectivity between two vertices 
Ramsey number 

face to right of arc in plane digraph 

walk with specified ends, segment of walk 
path in tree with specified ends 

adjacency matrix of digraph 

adjacency matrix 

bipartite adjacency matrix of bipartite graph 
laplacian of digraph 

laplacian, or conductance matrix 

Kirchhoff matrix 

incidence matrix of digraph 

incidence matrix 

Tutte matrix 

incidence vector of cycle 

class of ’P-complete problems 


NP 

P 

Uu 
Ext(C) 
Int(C) 
cap k 
ext(C) 


Other Notation 


nondeterministic polynomial-time problems 
class of problems solvable in polynomial time 
set of unavoidable configurations 

closure of exterior of simple closed plane curve 
closure of interior of simple closed plane curve 
capacity of cut in network 

exterior of simple closed plane curve 


ex (n, F’) number of edges in extremal F-free graph 


int(C) 
val (f) 


Vary 
Vv 


interior of simple closed plane curve 
value of flow in network 

current in wire of electrical network 
resistance in wire of electrical network 
effective resistance in electrical network 
voltage drop in wire of electrical network 


175 
174 
401 
245 
245 
159 
245 
301 
245 
158 
542 
542 
545 
542 
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acyclic 

digraph, 42 

graph, 42, 99 
addition 

of cross-cap, 277 

of edge, 46 

of handle, 277 

of set of vertices, 47 


ADDP, see Problem, Arc-Disjoint Directed 


Paths 
adjacency list, 6 
adjacency matrix 
bipartite, 7 
of digraph, 36 
of graph, 6 
adjacent 
edges, 3 
faces, 250 
vertices, 3 
Algorithm 
Augmenting Path Search, 438 
Bellman, 154 
Bellman-—Ford, 154 
Boruvka—Kruskal, 194 
Branching-Search, 149 
Breadth-First Search, 137 
Depth-First Search, 140 
Dijkstra, 151 
Edmonds, 446 
Egervary, 440 
Fleury, 87 
Gomory—Hu, 232 


Hungarian, see Algorithm, Egervary 


Incrementing Path Search, 164 


Jarnik—Prim, 146 


Lexicographic Breadth-First Search, 238 
Max-Flow Min-Cut, 164, 208, 217 


Nagamochi-Ibaraki, 234 


Perfect Graph Recognition, 376 


Planarity Recognition, 272 
Tree-Search, 136 
algorithm, 135, 174 
approximation, 191 
discharging, 402 
greedy, 193, 305 
linear-time, 174 
polynomial-time, 174 
quadratic-time, 174 
almost surely, 335 
ancestor 
of vertex in tree, 136 
proper, 136 
antichain of poset, 42 


APS, see Algorithm, Augmenting Path 


Search 
arboricity, 572 
linear, 354 
arc, 31 
f-positive, 160 
f-saturated, 160 
f-unsaturated, 160 
f-zero, 160 
back, 152 
cross, 152 
forward, 82, 152, 169 
reverse, 82, 169, 515 
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arc-disjoint directed paths, 167 
arc-transitive, 35 

t-arc-transitive, 84 
associated digraph of graph, 32 
asymmetric graph, 15 
atom of graph, 227 
automorphism 

group, 16 

of graph, 15 


balanced 
digraph, 35 
graph, 347 
barrier, 426 
Gallai, 428 
basis 
2-basis, 274 
of bond space, 112 
of cycle space, 112 
of independence system, 195 
of matroid, 114 
basis matrix, 531 
corresponding to tree, 532 
Beraha number, 388 
BFS, see Algorithm, Breadth-First Search 
bicritical graph, 434 
big bang, 349 
bipartite graph, 4 
complete, 4 
bipartition, 4 
Birkhoff diamond, 399 
block, 120 
end, 121 
block tree of graph, 121 
blocker of clutter, 505 
blossom, 442 
bond, 62 
m-bond, 578 
directed, 63, 521 
fundamental, 112 
Hamilton, 258 
bond space, 65 
book, 248 
boolean formula, 181 
in conjunctive normal form, 183 
negation of, 181 
satisfiable, 182 
truth assignment to, 181 
boolean formulae 


conjunction of, 181 
disjunction of, 181 
equivalent, 182 
boolean variable, 181 
boundary of face, 250 
bounds, lower and upper, 534 
bramble, 283 
bramble number, 283 
branching, 100 
2-branching, 423 
a-branching, 100, 518 
spanning, 108 


breadth-first search, see Algorithm 


bridge 
k-bridge, 263 
inner, 265 
of cycle, 263 
of subgraph, 263 
outer, 265 
trivial, 263 
bridge-overlap graph, 265 
bridges 
avoiding, 264 
overlapping, 264 
skew, 264 


cage, 84 
directed, 98 
capacity 
constraint, 158 
function, 157 
of arc, 157 
of cut, 159 
Cayley graph, 28 
centre of graph, 103 
centroid of tree, 109 
chain of poset, 42 
child of vertex in tree, 136 
chord of cycle, 144 
chordal graph, 235 
tree representation of, 237 
chromatic 
k-chromatic, 358 
root, 388 
chromatic number, 358 
circular, 390 
fractional, 389 
list, 378 
list, of surface, 407 


Cc 
Cc 


Cc 


Cc 
Cc 
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Cc 
Cc 


Cc 
Cc 
Cc 
Cc 
Cc 


Cc 
Cc 
Cc 


Cc 


Cc 


ro 


of digraph, 361 
of hypergraph, 364 
of surface, 392 
weak, of hypergraph, 364 
ircuit of matroid, 115 
irculant, 28 
directed, 33 
irculation, 168, 527 
feasible, 534 
nowhere-zero, 558 
rculation space, 528 
ircumference, 42 
lause 
conjunctive, 183 
disjunctive, 183 
lique, 296 
lique number, 188, 296 
losure, 486 
2-closure, 575 
Ryjaéek, 492 
lutter, 341, 505 
oNP, 175 
oboundary, 59 
oloop of matroid, 284 
olour, 357, 451, 470 
available at vertex, 453 
available for edge, 453 
represented at vertex, 453 
olour class, 358 
olour-critical, see critical 
olourable 
(k, l)-list-colourable, 390 
2-colourable hypergraph, 339 
k-colourable, 288, 358 
k-face-colourable, 288 
k-list-colourable, 378 
list-colourable, 377 
uniquely colourable, 368 
olouring, 288, 357 
k-colouring, 288, 357 
circular colouring, 390 
fractional, 389 
list, 377 
of digraph, 361 
optimal partial k-colouring, 511 
partial k-colouring, 510 
proper, 288, 357 
random k-colouring, 332 
omparable elements of poset, 42 
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compatible cycle decomposition, 89 


complement 
of simple graph, 10 
of strict digraph, 53 
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complementary slackness conditions, 202 


complete graph, 4 


complexity, see computational complexity 


component, 29 
3-connected, 221 
S-component, 220, 367 
marked S-component, 220 
composition, 316, 363 
computational complexity, 174 
condensation of digraph, 92 
conductance matrix, 539 
configuration, 399 
Heesch representation of, 401 
reducible, 399 
Conjecture 
Barnette, 481 
Cook—Edmonds-Levin, 176 


Cycle Double Cover, 94, 122, 221, 462, 


567 
Edge Reconstruction, 68 
Edmonds, 177 
Five-Flow, 567 
Fleischner, 496 
Four-Colour, 287 


Four-Colour (edge version), 290 


Four-Colour (face version), 288 


Four-Colour (vertex version), 288 


Four-Flow, 567 

Fulkerson, 464, 577 
Gallai, 512 

Graph Embedding, 95 
Hadwiger, 407 

Hajés, 409 

Linial, 511 

List Edge Colouring, 467 
Orientable Embedding, 280 
Path Partition, 510 
Reconstruction, 67 
Sheehan, 494 

Strong Perfect Graph, 376 
Three-Flow, 568 

Total Colouring, 470 


Wagner, 282 
Woodall, 523 
connected 
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k-connected, 206 
k-edge-connected, 216 
arcwise-connected set, 244 
digraph, 32 
essentially k-edge-connected, 217 
graph, 5 
minimally k-connected, 211 
minimally k-edge-connected, 219 
strongly, 90 
vertices, 79 
connectivity, 206 
local, 206 
conservation condition, 158 
contain subgraph, 40 
contraction 
of edge, 55 
of matroid element, 284 
converse of digraph, 33 
copy of graph, 40 
cost function, 538 
cost of circulation, 538 
cotree, 110 
covariance, 343 
cover, see covering 
covering, 58, 201, 296, 420 
by sequence of graphs, 73 
by cliques, 202 
by even subgraphs, 563 
cycle, 58 
double, 58 
minimal, 421 
minimum, 420 
of hypergraph, 504 
path, 58 
uniform, 58 
covering number, 296, 421 
critical 
k-critical, 366 
graph, 366 
hypergraph, 369 
crossing, 248 
directed cuts, 522 
directed cycles, 525 
edge cuts, 227 
edges, 248 
sets of vertices, 227, 521 
crossing number, 248, 334 
rectilinear, 273 
crossing-minimal, 249 


cube, 30 
n-cube, 9 
of graph, 82 
cubic graph, 7 
current flow, 542 
current generator, 542 
curve, 244 
closed, 244 
simple, 244 
cut 
(x, y)-cut, 159 
T-cut, 526 
clique, 235 
directed, 521 
in network, 159 
minimum, 160 
separating, 159 
cut condition, 172 
cycle, 4, 64, 110 
M-alternating, 415 
k-cycle, 4 
antidirected, 370 
cost-reducing, 538 
directed, 33 
even, 4 
facial, 93 
fundamental, 110 
Hamilton, 47, 290, 471 
negative directed, 154 
nonseparating, 266 
odd, 4 
of hypergraph, 435 
simple, 512 
Tutte, 501 
cycle double cover, 93 
orientable, 564 
cycle exchange, 485 
cycle space, 65 
of digraph, 132 
cyclomatic number, 112 
cylinder, 276 


de Bruijn—Good sequence, 92 
decision problem, 175 
deck, 66 

legitimate, 76 
decomposition, 56, 93 

cycle, 56 

into k-factors, 435 


marked S-decomposition, 220 

odd-ear, 425 

of hypergraph, 504 

path, 56 

simplicial, 236 

tree-decomposition, 239 
degenerate 

k-degenerate, 362 
degree 

average, 7 

maximum, 7 

minimum, 7 

of face, 250 

of set of vertices, 59 

of vertex in digraph, 32 

of vertex in graph, 7 

of vertex in hypergraph, 24 
degree sequence, 10 

graphic, 11 

of hypergraph, 24 

realizable, 166 
degree-majorized, 306, 490 
deletion 

of edge, 40 

of matroid element, 284 

of vertex, 40 
density of bipartite subgraph, 317, 340 
dependency 

digraph, 353 

graph, 353 
depth-first search, see Algorithm 
derangement, 333 
descendant 

of vertex in tree, 136 

proper, 136 


DFS, see Algorithm, Depth-First Search 


diameter 

of digraph, 156 

of graph, 82 

of set of points, 303 
dichromate, see polynomial, Tutte 
digraph, see directed graph 

Cayley, 33 

de Bruijn—Good, 92 

Koh-Tindell, 33 
directed graph, 31 
diregular digraph, 33 
disconnected graph, 5 
discrepancy 
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of colouring, 346 
of tournament ranking, 347 
disjoint 
cycles, 64 
graphs, 29 
vines, 213 
distance 
between points in plane, 303 
between vertices in graph, 80 
in weighted graph, 150 
dominating set, 339 
double jump, 349 
doubly stochastic matrix, 424 
dual 
algebraic, 114, 274 
directed plane, 256 
Menger, 506 
of hypergraph, 24 
of matroid, 115 
of plane graph, 252 
plane, 252 


ear, 125 
directed, 129 

ear decomposition, 125 
directed, 130 

edge 
back, 142 
contractible, 127, 211 
cut, 85 
deletable, 127, 211 
marker, 220 
of digraph, 31 
of graph, 2 
of hypergraph, 21 

edge chromatic number, 452 
k-edge-chromatic, 452 
class 1, 459 
class 2, 459 
fractional, 470 
list, 466 

edge colourable 
k-edge-colourable, 289, 452 
list, 466 
uniquely, 460 

edge colouring 
k-edge-colouring, 289, 451 
list, 466 
of hypergraph, 455 
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proper, 289, 451 
edge connectivity, 216 

local, 216 
edge covering, 198, 296, 423 
edge cut, 59 

k-edge cut, 216 

xy-cut, 170 

associated with subgraph, 135 

separating two vertices, 170 

trivial, 59, 217 
edge space, 65 
edge-disjoint 

graphs, 29 

paths, 171 
edge-extension, 225 
edge-reconstructible 

class, 68 

graph, 68 

parameter, 68 
edge-transitive graph, 19 
EDP, see Problem, Edge-Disjoint Paths 
effective resistance, 545 
eigenvalue of graph, 11 
element of matroid, 114 
embedding, 6 

cellular, 278 

circular, 280 

convex, 270 

in graph, 40 

planar, 5, 244 

straight-line, 273 

thrackle, 249 

unique, 266 
empty graph, 4 
end 

of arc, 31 

of edge, 2 

of walk, 79 
endomorphism of graph, 109 
equivalent 

bridges, 263 

planar embeddings, 266 
euclidean Ramsey theory, 327 
Euler characteristic, 279 
Euler tour, 86 

directed, 91 
Euler trail, 86 

directed, 91 
eulerian 


digraph, 91 

graph, 86 
even 

digraph, 58 

graph, 56 

subgraph, 64 
event, 330 
events 

dependent, 331 

independent, 331, 351 

mutually independent, 331 
exceptional set of vertices, 317 
expansion at vertex, 224 
expectation of random variable, 333 
exterior of closed curve, 245 
extremal graph, 301 


face 
of embedded graph, 278 
of plane graph, 93, 249 
outer, 249 

face colouring 
k-face-colouring, 288 
proper, 288 

face-regular plane graph, 261 

factor 
f-factor, 431 
k-factor, 47, 431 


factor-critical, see matchable, hypomatch- 


able 
fan, 108 
k-fan, 214 
Fano plane, see projective plane, Fano 
feedback arc set, 64, 504 
Fibonacci tiling, 550 
finite graph, 3 
flow, 158 
(x, y)-flow, 158 
k-flow, 560 
feasible, 158, 537 
incremented, 162 
integer, 560 
maximum, 159 
multicommodity, 172 
net, 159 
zero, 158 
flow number, 562 
flower, 446 


Ford—Fulkerson Algorithm, see Algorithm, 


Max-Flow Min-Cut 
forest, 99 
branching, 106, 520 
DFS-branching, 151 
linear, 354 
Formula 
Cauchy-—Binet, 539 
Cayley, 107 
Euler, 259 
Konig—Ore, 422 
Tutte—Berge, 428 


genus 
of closed surface, 277 
orientable, of graph, 281 
geometric configuration, 21 
Desargues, 22 
Fano, 22 
geometric graph, 46 
girth, 42 
directed, 98 
graph, 2 
Blanusa snark, 462 
Catlin, 363 
Chvatal, 362 
Clebsch, 77, 315 
Coxeter, 473 
Folkman, 20 
Franklin, 393 
Grotzsch, 366 
Grinberg, 480 
Hajoés, 358 
Heawood, 22 
Herschel, 472 
Hoffman-Singleton, 83 
Kelmans—Georges, 483 
Meredith, 463 
Petersen, 15 
Rado, 341 
Schlafli, 77 
Shrikhande, 27 
Tietze, 394 
Tutte, 478 
Tutte—Coxeter, 84 
Wagner, 275 
graph (family) 
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also, see cage, Cayley graph, circulant, 
cube, digraph, Halin graph, lattice, 
prism, tournament, wheel 
flower snark, 462 
friendship, 81 
generalized Petersen, 20 
grid, 30 
Kneser, 25 
Moore, 83 
Paley, 28 
platonic, 21 
Ramsey, 311 
Schrijver, 369 
shift, 372 
theta, 379 
Turan, 10, 301 
graph polynomial, see polynomial, 
adjacency 
graph process, 356 
Grinberg’s Identity, 480 


Halin graph, 258 
Hamilton-connected graph, 474 
hamiltonian 

1-hamiltonian, 474 

hypohamiltonian, 473 

uniquely hamiltonian, 494 
hamiltonian graph, 290, 472 
head 

of arc, 31 

of queue, 137 
heap, 156 
heuristic, 193 

greedy, 51, 193, 195 

greedy colouring, 359 
hexagon, 4 
homomorphism, 390 
horizontal dissector, 547 
horizontal graph of squared rectangle, 548 
hyperedge, see edge, of hypergraph 
hypergraph, 21 

balanced, 435 

complete, 306 

Desargues, 22 

Fano, 22, 327 

Turan, 306 

uniform, 21 
hypomorphic graphs, 66 


644 Index 


IDDP, see Problem, Internally Disjoint 
Directed Paths 
identical graphs, 12 
identification of vertices, 55 
ILP, see linear program, integer 
in-neighbour, 31 
incidence function 
of digraph, 31 
of graph, 2 
incidence graph, 22 
incidence matrix 
of digraph, 34 
of graph, 6 
of set system, 22 
incidence vector, 65 
signed, 544 
incident 
edge, face, 250 
vertex, edge, 3 
vertex, face, 250 
incomparable elements of poset, 42 
incut, 62 
indegree, 32, 63 
independence system, 195 
independent set 
of independence system, 195 
independent set 
of graph, see stable set 
of matroid, 115 
index 
of directed cycle, 512 
of family of directed cycles, 512 
of regularity, 323 
inductive 
basis, 48 
hypothesis, 48 
step, 48 
Inequality 
Cauchy—Schwarz, 45, 324 
Chebyshev, 342 
Chernoff, 317, 346 
Heawood, 392 
LYM, 341 
Markov, 336 
inequality 
submodular, 63 
triangle, 82, 191 
infinite graph, 36 
countable, 36 


locally-finite, 37 
initial vertex of walk, 79 
input of algorithm, 174 
instance of problem, 173 
interior of closed curve, 245 
intermediate vertex of network, 157 
internal vertex 

of block, 121 

of bridge, 263 

of walk, 80 
internally disjoint 

directed paths, 179 

paths, 117, 206 
intersection graph, 22 
intersection of graphs, 29 
interval graph, 23 
invariant of graphs, 578 
IPS, see Algorithm, Incrementing Path 

Search 

irregular pair of sets, 317 
isomorphic 

digraphs, 34 

graphs, 12 

rooted trees, 104 
isomorphism 

of digraphs, 34 

of graphs, 12 


join 
T-join, 433, 526 
Hajés, 369 
of graphs, 46 
two vertices of digraph, 31 
two vertices of graph, 2 


Kempe 
chain, 397 
interchange, 397 
kernel, 298 
semi-kernel, 299 
king in tournament, 104 
Kirchhoff matrix, 533 
Kirchhoff’s Laws, 542 


laminar family of directed cycles, 525 
Laplacian, see conductance matrix, 542 
large subset, 317 

Latin square, 469 

lattice 


boolean, 9 
hexagonal, 36 
integer, 551 
square, 36 
triangular, 36 
leaf of tree, 99 
Lemma 
Bridge, 501 
Crossing, 334 
Fan, 214 
Farkas, 203, 535 
Hopping, 502 
Konig, 105 
Local, 351, 495 
Local (symmetric version), 353 
Lollipop, 492 
Poésa, 499 
Regularity, 318 
Sperner, 26 
Splitting, 122 
Vizing Adjacency, 461 
length 
of arc, 512 
of cycle, 4 
of path, 4 
of path in weighted graph, 150 
level of vertex in tree, 136 
Levi graph, 22 
reduced, see polarity graph 
Lex BFS, see Algorithm, Lexicographic 
Breadth-First Search 
line 
of geometric configuration, 22 
of plane graph, 244 
line graph, 23 
linear program, 197 
bounded, 197 
constraint of, 197 
dual, 197 
feasible solution to, 197 
integer, 198 
integrality constraint of, 198 
objective function of, 197 
optimal solution to, 197 
optimal value of, 197 
primal, 197 
relaxation of, 200 
linearity of expectation, 333 
linearly independent subgraphs, 128 
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link, 3 
linkage, 282 
list of colours, 377 
literal of boolean formula, 183 
local cut function of graph, 207 
lollipop, 484 
loop, 3 
of matroid, 284 
LP, see linear program 


Mobius band, 276 
Marriage Theorem, see Theorem, Hall 
matchable, 414 
hypomatchable, 427 
matchable set of vertices, 449 
matched vertices, 413 
matching, 200, 413 
matching-covered, 425 
maximal, 414 
maximum, 414 
perfect, 414 
perfect, in hypergraph, 435 
matching number, 201, 414 
matching space, 425 
matroid, 114 
bond, 115 
cycle, 115 
linear, 115 
nonseparable, 133 
transversal, 449 
medial graph, 259 
MFMC, see Algorithm, Max-Flow 
Min-Cut 
min-max theorem, 198 
min-max theorem, 505 
minimally imperfect graph, 373 
minor, 268, 407 
F-minor, 269 
excluded K5-minor, 275 
excluded K3,3-minor, 275 
Kuratowski, 269 
minor-closed, 282 
minor-minimal, 282 
of matroid, 285 
monotone property, 347 
multiple edges, see parallel edges 
multiplicity of graph, 457 


neighbour of vertex, 3 
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nested sequence 
of digraphs, 130 
of forests, 193 
of graphs, 125 
of trees, 193 
network 
resistive electrical, 542 
transportation, 157 
nondeterministic polynomial-time, 175 
nonhamiltonian graph, 472 
maximally, 476 
nonseparable graph, 94, 119 
nontrivial graph, 3 
null graph, 3 
NP, see nondeterministic polynomial-time 
NP-complete, 180 
NP-hard, 188 


odd graph, 63 
Ohm’s Law, 542 
orbit of graph, 18 
order 
coherent, 512 
cut-greedy, 234 
cyclic, 512 
median, 101 
of graph, 2 
of Latin square, 469 
of projective plane, 27 
of squared rectangle, 547 
partial, 42 
random, 333 
simplicial, 236 
orientation 
well-balanced, 234 
orientation of graph, 32 
oriented graph, 32 
orthogonal 
directed path, colouring, 511 
directed path, stable set, 507 
path partition, partial k-colouring, 510 
path partition, stable set, 507 
orthonormal representation, 300 
outcut, 62 
outdegree, 32, 63 
outneighbour, 31 
second, 104 
output of algorithm, 174 
overfull graph, 459 


packing 
2-packing, 521 
of hypergraph, 504 
pancyclic graph, 476 
uniquely, 477 
parallel edges, 3 
parallel extension, 275 
parent of vertex in tree, 136 
part 
in k-partite graph, 10 
in bipartite graph, 4 
partially ordered set, 42 
k-partite graph, 10 
complete, 10 
partition 
equipartition, 317 
regular, 317 
path, 4 
(X, Y)-path, 80 
M-alternating, 415 
M-augmenting, 415 
f-improving, 536 
f-incrementing, 162 
f-saturated, 162 
f-unsaturated, 162 
ij-path, 453 
k-path, 4 
z-path, 80 
xy-path, 79 
absorbable, 491 
directed, 33 
even, 4 
Hamilton, 47, 471 
maximal, 41 
odd, 4 
one-way infinite, 36 
shortest, 150 
two-way infinite, 36 
path exchange, 484 
path partition 
k-optimal, 510 
of digraph, 507 
of graph, 475 
optimal, 507 
path partition number, 475 
pentagon, 4 
perfect graph, 373 
permutation matrix, 424 
Pfaffian of matrix, 450 


pinching together edges, 230 

planar graph, 5, 243 
maximal, see plane triangulation 
maximal outerplanar, 293 
outerplanar, 258 

plane graph, 244 
outerplane, 258 

plane triangulation, 254 
near-triangulation, 405 

point 
absolute, of polarity, 308 
of geometric configuration, 22 
of plane graph, 244 

polarity graph, 307 


polarity of geometric configuration, 307 


pole 

of horizontal graph, 548 

of electrical network, 542 
polyhedral graph, 21 
polynomial 

adjacency, 380 

characteristic, 11 

chromatic, 387 

flow, 563 

reliability, 582 

Tutte, 579 

Tutte, of matroid, 582 

Whitney, 578 
polynomial reduction, 178 
polynomially equivalent problems, 190 
polynomially reducible, 178 
polytope 

3-polytope, 268 

matching, 466 

perfect matching, 466 
poset, see partially ordered set 
power 

of flow, 547 

of graph, 82 
Priifer code of labelled tree, 109 
predecessor in tree, 136 
prism 

n-prism, 30 

pentagonal, 30 

triangular, 30 
probability 

function, 330 

of event, 330 

space, finite, 330 
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Problem 


k-Commodity Flow, 172 
Arc-Disjoint Directed Paths, 167 
Assignment, 414 

Boolean 3-Satisfiability, 183 

Boolean k-Satisfiability, 191 

Boolean Satisfiability, 182 

Directed Hamilton Cycle, 177 
Disjoint Paths, 180 

Edge-Disjoint Paths, 171 

Eight Queens, 299 

Euclidean TSP, 192 

Exact Cover, 185 

Four-Colour, 287 

Graph Isomorphism, 184 

Hamilton Cycle, 176 

Internally Disjoint Directed Paths, 179 
Isomorphism-Complete, 204 
Kirkman Schoolgirl, 455 

Legitimate Deck, 76, 204 

Linkage, 282 

Maximum Clique, 188 

Maximum Cut, 191 

Maximum Flow, 159 

Maximum Matching, 414 

Maximum Path, 190 

Maximum Stable Set, 189 
Maximum-Weight Spanning Tree, 178 
Metric TSP, 191 

Min-Cost Circulation, 538 

Minimum Arc Cut, 168 
Minimum-Weight Eulerian Spanning 
Subgraph, 436 

Minimum- Weight Matching, 433 
Minimum- Weight Spanning Tree, 146 
Postman, 436 

Shortest Even/Odd Path, 436 
Shortest Path, 150 

Timetabling, 452 

Travelling Salesman, 51, 188 
Weighted T-Join, 433 


product 


cartesian, 30 

lexicographic, see composition 
strong, 297 

tensor, 300 

weak, 364 


projective plane, 278 


Fano, 22 
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finite, 26 
Proof Technique 
Combinatorial Nullstellensatz, 382 
Contradiction, 49 
Counting in Two Ways, 8 
Directional Duality, 33 
Discharging, 402 
Eigenvalues, 81 
Farkas’ Lemma, 535 
Inclusion-Exclusion, 68 
Induction, 48 
Linear Independence, 57 
Mobius Inversion, 68 
Ordering Vertices, 101 
Pigeonhole Principle, 43 
Polynomial Reduction, 185 
Probabilistic Method, 329 
Splitting Off Edges, 122 
Total Unimodularity, 199 
Property 
Basis Exchange, 114 
Erdés—Pésa, 505 
Helly, 25, 105, 283 
Min—Max, 505 
Tree Exchange, 113 


quadrilateral, 4 
queue, 137 
priority, 147, 156 


Ramsey number, 309, 321, 339 
diagonal, 309 
generalized, 316 
linear, 321 
random graph, 330 
countable, see graph, Rado 
random permutation, see order, random 
random variable, 332 
indicator, 332 
random variables 
dependent, 332 
independent, 332 
random walk, 551 
a-walk, 551 
commute time of, 553 
cover time of, 554 
Drunkard’s Walk, 551 
hitting time of, 553 
recurrent, 556 


transient, 556 
recognizable class, 72 
reconstructible 

class, 67 

graph, 66 

parameter, 67 
reconstruction of graph, 66 
regular graph, 7 

3-regular, see cubic graph 

k-regular, 7 
regular pair of sets, 317 
related vertices in tree, 136 
root 

of block, 143 

of blossom, 443 

of branching, 149 

of graph, 137 

of tree, 100 
rooting of plane graph, 268 


sample space, 330 
SDR, see system of distinct representatives 

f-SDR, 422 
segment 

of bridge of cycle, 264 

of walk, 80 
self-complementary graph, 19 
self-converse digraph, 34 
self-dual 

hypergraph, 25 

plane graph, 262 
separable graph, 119 
separating 

edge, 250 

set of edges, 216 

set of vertices, 207 
series extension, 275 
series-parallel graph, 275 
set system, 21 
Shannon capacity, 298 
shrink 

blossom, 443 

set of vertices, 208 

vertex partition, 570 
similar vertices, 15 

pseudosimilar, 72 
simple graph, 3 

labelled, 16 
sink 


of digraph, 33 
of network, 157 
size of graph, 2 
small subset, 317 
snark, 462 
Blanusa snark, 462 
flower snark, 462 
source 
of network, 157 
of digraph, 33 
sphere with k handles, 277 
split off edges, 122 
split vertex, 55 
spoke of wheel, 46 
square of graph, 82 
squared rectangle, 547 
perfect, 547 
simple, 547 
squared square, see squared rectangle 
stability number, 189, 296 
fractional, 200 
of digraph, 507 
stable set, 189, 295 
maximal, 295 
maximum, 189, 295 
of digraph, 298 
stack, 139 
star, 4 
stereographic projection, 247 
strict digraph, 32 
strong, see strongly connected 
strong component, 91 
minimal, 92 
strongly connected digraph, 63 
strongly regular graph, 12 
subdivision 
G-subdivision, 246 
Kuratowski, 268 
of edge, 55 
of face, 250 
of graph, 246 
simplicial, of triangle, 26 
subgraph, 40 
F-subgraph, 40 
bichromatic, 45 
cyclic, 517 
dominating, 89 
edge-deleted, 40 
edge-induced, 50 
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induced, 49 

maximal, 41 

minimal, 41 

monochromatic, 45 

proper, 41 

spanning, 46 

vertex-deleted, 40 
submodular function, 226 
subtree, 105 
successor in tree, 136 
succinct certificate, 175 
sum 

k-sum of graphs, 275 

of sets, 385 
supergraph, 40 

proper, 41 

spanning, 46 
supermodular function, 230 
support of function, 169 
surface 

closed, 277 

nonorientable, 276 

orientable, 276 
switch vertex, 75 
switching-reconstructible, 75 
symmetric difference of graphs, 47 
system of distinct representatives, 420 


tail 
of arc, 31 
of queue, 137 
tension, 528 
feasible, 534 
nowhere-zero, 558 
tension space, 528 
terminal vertex of walk, 80 
Theorem 
Art Gallery, 293 
Berge, 415 
Bessy~Thomassé, 514 
Birkhoff-von Neumann, 424 
Brooks, 360 
Camion, 512 
Cauchy—Davenport, 385 
Chvatal—Erdés, 488 
Combinatorial Nullstellensatz, 383 
Cook—Levin, 183 
de Bruijn—Erdés, 27 
Dilworth, 509 
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Dirac, 485 

Dual Dilworth, 46 
Duality, 198 

Edmonds Branching, 518 
Eight-Flow, 573 
Erdés—Ko—Rado, 341 
Erdés—Pésa, 505 
Erdés-Stone, 318 
Erdés—Stone-Simonovits, 320 
Erdés—Szekeres, 364 
Five-Colour, 291 
Fleischner-Stiebitz, 384 
Four-Colour, 288 
Four-Flow, 573 
Friendship, 81 
Gallai—Milgram, 507 
Gallai—Roy, 361 

Galvin, 468 
Ghouila-Houri, 534 
Grétzsch, 406, 568 
Grinberg, 479 

Gupta, 455 

Hall, 419 

Heawood, 293 

Hoffman Circulation, 534 
Jordan Curve, 244 
Jordan—Schonfliess, 250 
Konig—Egervary, 201 
Konig—Rado, 199 
Kéovari-Sé6s—Turan, 307 
Kuratowski, 268 
Lucchesi- Younger, 523 
Mantel, 45 

Map Colour, 281, 393 
Matrix—Tree, 539 
Max-Flow Min-Cut, 163 
Menger (arc version), 170 
Menger (directed vertex version), 218 
Menger (edge version), 171, 216 


Minty Flow-Ratio, 560 
Nash-Williams—Tutte, 570 
Perfect, 216 

Perfect Graph, 374 
Petersen, 430 

Rédei, 48, 54, 101 
Reiman, 45 

Richardson, 299 

Robbins, 127 


Menger (undirected vertex version), 208 


Schur, 314 
Six-Flow, 576 
Smith, 493 
Sperner, 341 
Steinitz, 268 
Strong Perfect Graph, 376 
Surface Classification, 278 
Sylvester—Gallai, 262 
Szemerédi, 317 
Tait, 289 
Tree-width—Bramble Duality, 284 
Turan, 301, 339 
Tutte Perfect Matching, 430 
Tutte Wheel, 226 
Tutte—Berge, 428 
Veblen, 56 
Vizing, 457 
Wagner, 269 
thickness, 261 
Thomson’s Principle, 546 
thrackle, 249 
threshold function, 347 
top of stack, 139 
topological sort, 44, 154 
torus, 276 
double, 277 
total chromatic number, 470 
total colouring, 470 
tough 
t-tough, 478 
path-tough, 475 
tough graph, 473 
toughness, 478 
tour of graph, 86 
tournament, 32 
Paley, 35 
random, 338 
Stockmeyer, 35 
transitive, 43 
traceable graph, 472 
from a vertex, 474 
hypotraceable, 476 
trail in graph, 80 
transitive digraph, 42 
transitive graph, see vertex-transitive 
transversal 
of bramble, 283 
of hypergraph, 504 
transversal hypergraph, 506 


tree, 99 
M-alternating, 437 
M-covered, 437 
f-tree, 498 
x-tree, 100 
APS-tree, 437 
augmenting path search, 437 
BFS-tree, 138 
Boruvka—Kruskal, 194 
breadth-first search, 138 
decomposition, 221 
depth-first search, 139 
DF%S-tree, 139 
distance, 108 
Gomory—Hu, 231 
incrementing path search, 164 
IPS-tree, 164 
Jarnik—Prim, 147 
optimal, 146 
rooted, 100 
search, 136 
spanning, 105, 110 
uniform, 104 
triangle, 4 
triangle-free graph, 45 
triangulation, see plane triangulation 
trivial graph, 3 
TSP, see Problem, Travelling Salesman 
Tutte matrix, 449 


ultrahomogeneous graph, 77 
unavoidable set of configurations, 401 
uncrossing, 231 
underlying 
digraph, of network, 157 
graph, of digraph, 32 
simple graph, of graph, 47 
unilateral digraph, 92 
unimodular matrix, 539 
totally, 35, 199, 515 
union of graphs, 29 
disjoint, 29 
unit-distance graph, 37 
rational, 37 
real, 37 
unlabelled graph, 14 


value 
of boolean formula, 181 
of current flow, 542 


Index 651 


of flow, 159 

of linear program, 197 
Vandermonde determinant, 381 
variance of random variable, 342 
vertex 

of hypergraph, 21 

covered, by matching, 414 

cut, 117 

essential, 418, 427 

inessential, 427 

insertable, 491 

isolated, 7 

of attachment of bridge, 263 

of digraph, 31 

of graph, 2 

reachable, 90 

separating, 119 

simplicial, 236 
vertex colouring, see colouring 
vertex connectivity, see connectivity 
vertex cut, 207 

(x, y)-vertex-cut, 218 

k-vertex cut, 207 

xy-vertex-cut, 207 
vertex weighting, 514 

index-bounded, 514 
vertex-transitive graph, 15 
vertical graph of squared rectangle, 550 
vine on path, 128 


walk, 79 
k-walk, 475 
a-walk, 80 
xry-walk, 79 
closed, 80 
directed, 90 
random, 551 
weakly reconstructible, 72 


weight 
of edge, 50 
of set, 195 


of subgraph, 50, 514 
of vertex, 514 
weight function, 538 
weighted graph, 50 
wheel, 46 
width 
of tree-decomposition, 240 
tree-width, 240 
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